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ABSTRACT
We conduct a comprehensive and statistical study of the luminosity functions (LFs)
for satellite galaxies, by counting photometric galaxies from HSC, DECaLS and SDSS
around isolated central galaxies (ICGs) and galaxy pairs from the SDSS/DR7 spec-
troscopic sample. Results of different surveys show very good agreement. The satellite
LFs can be measured down to MV ∼ −10, and for central primary galaxies as small
as 8.5 < log10M∗/M < 9.2 and 9.2 < log10M∗/M < 9.9, which implies there are
on average 3–8 satellites with MV < −10 around LMC-mass ICGs. The bright end
cutoff of satellite LFs and the satellite abundance are both sensitive to the magni-
tude gap between the primary and its companions, indicating galaxy systems with
larger magnitude gaps are on average hosted by less massive dark matter haloes. By
selecting primaries with stellar mass similar to our MW, we discovered that i) the
averaged satellite LFs of ICGs with different magnitude gaps to their companions and
of galaxy pairs with different colour or colour combinations all show steeper slopes
than the MW satellite LF; ii) there are more satellites with −15 < MV < −10 than
those in our MW; iii) there are on average 1.5 to 2.5 satellites withMV < −16 around
ICGs, consistent with our MW. Thus the MW and its satellite system are atypical of
our sample of MW-mass systems. In consequence, our MW is not a good representa-
tive of other MW-mass galaxies. Strong cosmological implications based on only MW
satellites await additional discoveries of fainter satellites in extra-galactic systems.
Interestingly, the MW satellite LF is typical among other MW-mass systems within
40 Mpc in the local Universe, perhaps implying the Local Volume is an under-dense
region.
Key words: Galaxy: halo - dark matter
1 INTRODUCTION
In the structure formation paradigm of the Λ cold dark mat-
ter (ΛCDM) scenario, galaxies form in the centres of an
evolving population of dark matter haloes (White & Rees
? wenting.wang@sjtu.edu.cn
1978). Dark matter haloes grow in mass and size through
both mergers with other haloes and the smooth accretion
of diffuse matter (e.g. Wang et al. 2011a). Smaller haloes
and their own central galaxies fall into larger haloes and be-
come so-called “subhaloes” and “satellites” of the galaxy in
the centre of the host halo.
Compared with the extra-galactic satellites around
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more distant central galaxies, the satellite galaxies in our
Milky Way (hereafter MW) can be observed in great de-
tails. We are not only able to observe the MW satellites
down to much fainter magnitudes, but also it is possible to
measure their full 3-dimensional velocities as well as internal
dynamics through observations of bright individual member
stars. The MW system with its associated satellite galaxies
thus offer an ideal environment to closely study satellite-
properties, which, in turn, helps to probe the small mass end
of galaxy formation, constrain the underlying dark matter
distribution, and test the standard cosmological model on
small scales.
With the observed abundance and properties of the MW
satellites, a few so-called challenges to the standard cosmo-
logical model have been raised and are still under debates.
The missing satellite problem (e.g. Klypin et al. 1999; Moore
et al. 1999) is one example. Twenty years ago, it was pointed
out that the observed number of satellite galaxies in the MW
is significantly lower than the predicted number of dark mat-
ter subhaloes by numerical simulations. In the last decade,
more faint satellite galaxies have been discovered in the Lo-
cal Group (e.g. Irwin et al. 2007; Liu et al. 2008; Martin
et al. 2008; Zucker et al. 2007; Watkins et al. 2009; Be-
lokurov et al. 2010), but the number of observed satellites is
still much smaller than the predicted number of subhaloes
in cold dark matter simulations. To explain the problem,
some studies invoke the model of warm dark matter, which
predicts much less surviving small substructures (e.g. Lovell
et al. 2014). On the other hand, this problem can be pos-
sibly explained by galaxy formation physics (e.g. Bullock
et al. 2000; Benson et al. 2002a), such as photoionization
and supernova feedback, which inhibit the star formation in
small haloes, (e.g. Bullock et al. 2000; Benson et al. 2002a,b;
Somerville 2002), predicting that a significant number of
small subhaloes do not host a galaxy. Moreover, it was esti-
mated that there could be at least a factor of three to five
times more faint satellites in the MW to be discovered (e.g.
Koposov et al. 2008; Tollerud et al. 2008; Walsh et al. 2009;
Hargis et al. 2014). More recently, with deep imaging sur-
veys, more satellite galaxies or candidates in our MW and
M31 are being discovered and reported (e.g. Bechtol et al.
2015; Drlica-Wagner et al. 2015; Kim et al. 2015; Koposov
et al. 2015; Homma et al. 2018, 2019).
Another problem, known as the “too big to fail” prob-
lem, was raised by Boylan-Kolchin et al. (2011b). Our MW
has nine classical dwarf spheroidal satellites that have max-
imum circular velocities, Vmax, smaller than 30 km/s. Only
the Large and Small Magellanic Clouds (LMC and SMC)
have Vmax greater than 60 km/s, while the Sagittarius dwarf
in our MW has Vmax likely in between 30 and 60 km/s before
infall. However, the most massive dark matter subhaloes pre-
dicted by ΛCDM simulations of MW-like systems are found
to have Vmax larger than those of MW satellites. It is thus
hard to explain why the most massive subhaloes predicted
by cold dark matter simulations do not match the properties
of the most massive observed satellites. Proper mechanisms
are required to explain how the central density of the most
massive subhaloes in simulations can be reduced in order
to match those of observed satellites, and such mechanisms
include supernova feedback and subhalo disruption by the
massive host halo (e.g. Garrison-Kimmel et al. 2019). Alter-
natively, the problem can be explained if the virial mass of
our MW is smaller than that has been assumed. For exam-
ple, Wang et al. (2012) and Cautun et al. (2014b) reported
that the MW satellites are consistent with ΛCDM predic-
tions at the 10% confidence level if the MW halo has a virial
mass smaller than 1.3× 1012M.
A lighter-mass MW-like halo, however, would have dif-
ficulties predicting the existence of the two massive satellite
galaxies, LMC and SMC. They are very likely accreted by
our MW, not as two individual satellites, but rather as a pair
given their similarity in phase space (Kallivayalil et al. 2006),
in good consistency with simulation results (e.g. D’Onghia
& Lake 2008). For galaxies with LMC stellar mass, the typ-
ical host halo mass is ∼ 2 × 1011M before being accreted
by a more massive host halo and becoming a satellite. The
host halo mass of the SMC is approximately a factor of 2 to
3 smaller than that of the LMC. More recent studies suggest
that the LMC could be as massive as ∼ 3×1011M at infall
(e.g. Cautun et al. 2019). Looking for subhaloes that are sim-
ilar to the mass, Galactocentric distance, and the orbital ve-
locity of the LMC in numerical simulations, Boylan-Kolchin
et al. (2011a) concluded that the fraction of dark matter
haloes smaller than M200 ∼ 1.25 × 1012M hosting LMC-
like subhaloes is very low (< 5%), and over 90% of haloes
hosting LMC-like subhaloes have M200 > 1.7× 1012M. In
addition, although subhaloes with LMC or SMC-like masses
are commonly found in MW-like haloes, it is rare to find
MW-like haloes to host both LMC and SMC-like subhaloes.
Only ∼2.5% of lighter-mass MW-like haloes with LMC anal-
ogous also have LMC-SMC pairs. Similar conclusions have
been reached by, e.g., Busha et al. (2011); González et al.
(2013) and Patel et al. (2017). In addition, Liu et al. (2011)
looked at MW-MC-like systems in SDSS, and they claimed
that galaxies with luminosity similar to the MW have only
3.5% probability of hosting both LMC and SMC-like satel-
lites within a projected distance of 150 kpc.
The Vmax distribution of classical satellites in our MW
is also atypical. Cautun et al. (2014a) investigated the Vmax
distribution of massive subhaloes in MW-like hosts, by look-
ing for haloes hosting at most three subhaloes with Vmax >
30km/s and at least two subhaloes with Vmax > 60km/s.
They found that such cases are rare in ΛCDM simulations,
with at most 1% of haloes of any mass having a similar
distribution.
Thus, MW-like systems can be predicted and do ex-
ist in ΛCDM simulations, but some of the properties of the
MW-system are statistically uncommon compared with sim-
ulated systems of similar central stellar mass or luminosity.
However, we can not robustly rule out or claim challenges
to the standard cosmology model with just the single case of
our MW without determining statistical constraints on the
properties of the satellite system. It is thus important to look
at other extra-galactic satellites around MW-like galaxies,
and investigate how differently the satellites in our MW are
compared to the satellites of other galaxies. Such a compar-
ative study can help to assess the statistical significance of
previous cosmological implications based on MW satellites.
The MW satellite luminosity function can be measured
down to MV ∼ 0 (e.g. Newton et al. 2018). The satellites
of more distant extra-galactic galaxies, however, are more
difficult to study to such faint magnitudes. In the very lo-
cal universe (within ∼ 10 to 40 Mpc), efforts have been
made to the detection and confirmation of faint satellites
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3in other host galaxies. For example, Tanaka et al. (2018) in-
vestigated a few nearby MW-mass galaxies within ∼20 Mpc.
With statistical background subtraction, their satellite lumi-
nosity functions can be measured down to MV ∼ −9, which
show a large diversity. Carlsten et al. (2020a) measured the
surface brightness fluctuation distances (e.g. Blakeslee et al.
2009; Cantiello et al. 2018; Carlsten et al. 2019) for dwarf
satellites of 10 massive galaxies within 12 Mpc, and they
reported that the MW satellite luminosity function is re-
markably typical. Moreover, the SAGA (Satellites Around
Galactic Analogs; Geha et al. 2017; Mao et al. 2020) survey
measures the distribution of satellites around ∼100 MW-like
systems within 40 Mpc, and the number of satellites per host
shows large diversities. The MW satellite luminosity func-
tion is typical among these systems, though the satellites of
MW and M31 were found to be redder than those in other
MW-like systems within 40 Mpc.
In order to measure the intrinsic luminosities and dis-
tances of satellite galaxies beyond 40 Mpc and still at low
redshifts, usually spectroscopic observations are required1.
However, spectroscopic surveys have bright flux limits, and
thus studies based on pure spectroscopic data are often lim-
ited to a few brightest satellites. For example, the SAGA
survey can reach MV ∼ −12 at the distance of 40 Mpc.
At the redshift of z ∼ 0.1, the distance is about 400 Mpc,
corresponding to ∼5 magnitudes brighter than the limit at
40 Mpc.
Instead of looking at only spectroscopic companions, ef-
forts have been devoted to measure the radial profiles and
luminosity functions of photometric satellites around spec-
troscopic host galaxies at z ∼ 0.1 (e.g. Lares et al. 2011;
Wang et al. 2011b; Guo et al. 2011b; Wang & White 2012;
Jiang et al. 2012; Wang et al. 2014; Cautun et al. 2015; Lan
et al. 2016; Tinker et al. 2019) and also to intermediate and
high redshifts (e.g. Nierenberg et al. 2013; Kawinwanichakij
et al. 2014), based on statistical background subtraction ap-
proaches to remove the contamination by foreground and
background galaxies. The significantly fainter flux limits of
photometric surveys can help to study satellites that are
much fainter than those accessible by spectroscopic obser-
vations. Using the photometric catalogues of the Sloan Dig-
ital Sky Survey (SDSS), the satellite luminosity function of
galaxies at z ∼ 0.1 can be measured down to MV ∼ −14,
which covers the bright end2 of MW satellites (e.g. Guo et al.
2011b; Wang & White 2012).
More recently, there are a few on-going and future deep
imaging surveys such as the DESI Legacy Imaging Survey
(Dey et al. 2019), the Hyper Suprime-Cam Subaru Strategic
Program (HSC; Aihara et al. 2018a) and the future Vera Ru-
bin Observatory Legacy Survey of Space and Time (LSST;
Ivezić et al. 2008). These surveys are promising to extend
previous studies based on SDSS down to fainter magnitudes,
though follow-up spectroscopic surveys are still required to
identify central galaxies in their footprints. Fortunately, the
on-going HSC survey and the DESI Legacy Imaging Survey
1 Photometric redshifts suffer from large relative errors at low
redshifts.
2 As we will show in Section 2.6, MV ∼ −14 is about 4 and
3 magnitudes fainter than the LMC and SMC. All other MW
satellites are fainter than MV ∼ −14.
(Dey et al. 2019) already have part of their footprints over-
lapping with the SDSS spectroscopic galaxies. In this study,
we select central primary galaxies similar to the MW from
the SDSS spectroscopic Main galaxy sample and investigate
their satellite luminosity function (hereafter LF) using pho-
tometric sources from HSC and DECaLS3 (the Dark Energy
Camera Legacy Survey). We also repeat the same analysis
with SDSS imaging data, in order to cross check the con-
sistency of our measurements in different surveys. We will
show whether the LF of satellites in our MW is typical com-
pared with the averaged satellite LF around extra-galactic
central galaxies with similar properties.
The structure of this paper is organised as follows. We
introduce how we select central primary galaxies and the
photometric source catalogues of HSC, DECaLS and SDSS
used to construct satellite galaxies in Section 2. Our method-
ology of satellite counting, background subtraction and the
projection effect are described in Section 3. Results are pre-
sented in Section 4, for the measured satellite LFs centred on
primary galaxies selected in many different ways. We discuss
and conclude in the end (Sections 5 and 6).
For observational results, we adopt the first-year Planck
cosmology (Planck Collaboration et al. 2014) as our fiducial
cosmological model, with the values of the Hubble constant
H0 = 67.3 kms
−1/Mpc, the matter density Ωm = 0.315 and
the cosmological constant ΩΛ = 0.685.
2 DATA
In order to investigate the extra-galactic satellite LFs, we
need to first select samples of primary galaxies that sit in
the centre of dark matter haloes. We make the selection
in a few different ways. In brevity, we select isolated central
galaxies that are brighter than or brighter by at least 1 mag-
nitude than all companions. Then, we select galaxy pairs
similar to our Local Group system. These primary galax-
ies are selected from the SDSS spectroscopic Main galaxy
sample (Blanton et al. 2005), and the satellite counts are
made from the photometric galaxies in either the HSC, DE-
CaLS and SDSS footprints. In the following, we introduce
how we select central primaries and the photometric source
catalogues of different surveys used to construct satellites.
2.1 Isolated central galaxies
To identify a sample of primary galaxies that are highly
likely sitting in the centre of dark matter haloes (purity),
we select the brightest galaxies within given projected and
line-of-sight distances. The parent sample used for the se-
lection is the NYU Value Added Galaxy Catalogue (NYU-
VAGC; Blanton et al. 2005), which is based on the spectro-
scopic Main galaxy sample from the seventh data release of
the Sloan Digital Sky Survey (SDSS/DR7; Abazajian et al.
2009). The sample includes galaxies in the redshift range
between z = 0.001 and z ∼ 0.4, which is flux limited down
to an apparent magnitude of ∼17.7 in SDSS r-band, with
most of the objects below redshift z = 0.25. Stellar masses in
VAGC were estimated from the K-corrected galaxy colours
3 One of the three parts of DESI Legacy Imaging Survey.
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by fitting the stellar population synthesis model (Blanton &
Roweis 2007) assuming a Chabrier (2003) initial mass func-
tion.
We adopt two different sets of isolation criteria: i)
Galaxies that are the brightest within the projected virial
radius, R200, of their host dark matter haloes4 and within
three times the virial velocity along the line of sight. ii)
Galaxies that are at least one magnitude brighter than all
companions projected within the virial radius and within
three times the virial velocity along the line of sight. In ad-
dition, galaxies selected in i) and ii) should not be within
the projected virial radius (also three times virial velocity
along the line of sight) of another brighter galaxy.
The SDSS spectroscopic sample suffers from the fiber-
fiber collision effect that two fibers cannot be placed closer
than 55′′. As a result, galaxies in dense regions, such as
those within galaxy groups and clusters, are spectroscopi-
cally incomplete. Moreover, for criterion ii), the companions
used for the selection of isolated central galaxies fainter than
r = 16.7 can be fainter than the flux limit of the SDSS spec-
troscopic sample (r = 17.7), and thus do not have spectro-
scopic redshift measurements5. Hence to avoid the case when
a galaxy has a brighter companion but this companion does
not have available redshift and is hence not included in the
SDSS spectroscopic sample, we use the SDSS photometric
catalogue to make further selections. The photometric cat-
alogue is the value-added Photoz2 catalogue (Cunha et al.
2009) based on SDSS/DR7, which provides photometric red-
shift probability distributions of SDSS galaxies. We further
discard galaxies that have a photometric companion satisfy-
ing the magnitude requirement, whose redshift information
is not available but is within the projected separation of the
above selection criterion, and the photoz probability distri-
bution of the photometric companion gives a larger than
10% of probability that it shares the same redshift as the
central galaxy.
By adopting the flux limit of r = 17.7 for primaries
might induce a luminosity bias in the analysis, because
when the selection is made near the faint limit of the
spectroscopic sample, the faintest primaries will only have
photometrically-identified companions. To ensure that our
selection does not include any additional bias, we have ex-
plicitly repeated our analysis in this paper by adopting a flux
limit of r < 16.7 for primaries, so that all companions used
for the selection of isolated central galaxy are above the flux
limit of SDSS spectroscopic observations. Except for one of
the conclusions which we will discuss in Section 5.2, all the
other conclusions of this paper is robust against changes in
the flux limit of central primaries.
4 R200 is defined to be the radius within which the average matter
density is 200 times the mean critical density of the universe.
The virial radius and velocity are derived through the abundance
matching formula between stellar mass and halo mass (Guo et al.
2010), and based on mock catalogues it was demonstrated that
the choice of three times virial velocity along the line of sight is
a safe criterion that identifies all true companion galaxies.
5 Wang & White (2012) adopted a flux cut of r < 16.7 for iso-
lated primaries. In this study, we keep the flux limit of r = 17.7
to maximise our sample size, while we use photometric redshift
(photoz) probability distribution of photometric companions to
compensate the selection.
Throughout the paper, primaries selected by adopting
criteria i) and ii) are referred as ICG1 and ICG2 correspond-
ingly. ICG1s are only mildly isolated. As tested against a
mock galaxy catalogue based on the semi-analytical model
of Guo et al. (2010), the completeness of ICG1s among all
true halo central galaxies is above 90%. The purity is above
85% (see Figure 2 of Wang et al. 2019), which reaches >90%
at log10 M∗/M > 11.5. ICG2s are more strongly isolated,
with a larger magnitude gap (at least one magnitude) to the
companions. Thus, the completeness of ICG2s is lowered to
between 60% and 70% at log10 M∗/M > 11.2, between 70%
and 80% at 10.8 < log10 M∗/M < 11.2, between 80% and
90% at 10 < log10 M∗/M < 10.8 and is still above 90% at
the small mass end. The purity fraction slightly increases to
above 87%, which reaches >95% at log10 M∗/M > 11.5.
We have also checked the purity by using galaxies from the
Illustris TNG-100 simulation (Nelson et al. 2019), and the
fractions are consistent though noisier due to the smaller
simulation box size. The comparison between results based
on ICG1s and ICG2s will help to determine whether the
magnitude gap between the central primary and the com-
panions can affect the satellite LF.
In this study, we will calculate the LF for satellites pro-
jected within the halo virial radius of ICGs. Instead of using
the abundance matching formula to estimate R200 for each
individual ICG in a given stellar mass bin, we adopt the
mean R200 based on ICG1s selected from the mock galaxy
catalogue of Guo et al. (2011a). Note the R200 of ICG2s
and primaries in pairs (see the next subsection) can be a
bit different, but to ensure fair comparisons, we adopt the
same R200 for central primaries selected in different ways.
The values of R200 in these different bins are provided in
Table 1. In addition, we will also choose a stellar mass bin
of 10.63 < log10 M∗/M < 10.93 for primaries with stellar
mass similar to our MW (Licquia & Newman 2015), and for
this particular bin, we fix its virial radius to be 260 kpc.
The choice of 260 kpc is motivated by the distance of Leo
I (see Table 2), and the virial radius of MW-mass ICG1s in
the mock galaxy catalogue of Guo et al. (2011a) is close to
260 kpc. Table 1 also provides the total number of ICG1s
and ICG2s in each bin. Note the numbers of central primary
galaxies in HSC are more than 10 times smaller, while the
numbers of primaries in SDSS are slightly more than 50%
the numbers in DECaLS due to better overlap, as primaries
are selected from the SDSS spectroscopic Main galaxy sam-
ple. We avoid repeatedly showing the numbers of primaries
in the footprints of all the three surveys.
2.2 Galaxy pairs
Our MW has a massive companion, M31. The separation be-
tween the MW and M31 is∼700 to 800 kpc. The virial radius
of our MW is estimated to be in between 200 and 300 kpc
in most previous studies(e.g. Gnedin et al. 2010; Eadie et al.
2015). We have introduced how the sample of ICGs are se-
lected above. ICG1s have high completeness. They are more
representative of the whole population of halo central galax-
ies and can contain galaxy pairs like our Local Group sys-
tem. ICG1s can thus help to investigate the satellite LF
around a general population of halo central galaxies. On the
other hand, the more strictly selected ICG2s are at least one
magnitude brighter than all companions within the virial ra-
MNRAS 000, 000–000 (0000)
5Table 1. The average halo virial radii (R200) for primary galax-
ies grouped by stellar mass, which are estimated using ICG1s
selected from a mock galaxy catalogue of Guo et al. (2011). In
each stellar mass bin, the numbers of ICG1s and ICG2s in the
DECaLS footprint are provided.
logM∗/M R200 [kpc] N of ICG1 N of ICG2
11.4-11.7 758.65 10188 3785
11.1-11.4 459.08 39621 19649
10.8-11.1 288.16 73755 49509
10.5-10.8 214.80 75366 59374
10.2-10.5 173.18 50795 43066
9.9-10.2 142.85 27873 24545
9.2-9.9 114.64 26919 24523
8.5-9.2 82.68 9787 9037
10.63-10.93 260.00 79840 59537
dius, and thus the magnitude gap between ICG2s and their
satellites is more comparable to the condition of our MW.
Galaxy pairs like the MW and M31 can be included in the
sample of ICG2s as well. In addition to ICG1s and ICG2s,
here we also select a sample of galaxy pairs analogous to our
MW and M31, in order to investigate whether their satellites
have different LFs than ICGs and whether the satellite LFs
depend on the properties of the other massive companion
galaxy in the pair.
For galaxies with 10.2 < log10 M∗/M < 11.1 from
the NYU Value Added Galaxy Catalogue, we identify pairs
whose projected separations are in between twice the virial
radius6, R200, of the more massive galaxy in the pair and
1,500 kpc. The line-of-sight distances are required to be
smaller than seven times the mean virial velocity of the
two galaxies in the pair. We require the mass ratio (large
versus small value) of galaxies in the pair should be less
than a factor of two7. In addition, centred on the middle
point of the two galaxies8, all other companions projected
within 800 kpc, and within seven times the virial velocity
of the more massive primary galaxy along the line of sight,
should be at least one magnitude fainter than the fainter
primary galaxy in the pair. The SDSS photometric cata-
logue with photo-z probability distributions (Cunha et al.
2009) is adopted for further selections as well, in order to
compensate missing brighter companions due to fiber-fiber
collisions.
In this paper, we will pick up galaxies in such
pairs whose stellar masses are in the range of 10.63 <
log10 M∗/M < 10.93, i.e., sharing a similar stellar mass
range as our MW. However, when computing satellite counts
around a given galaxy in a pair whose stellar mass is in
this range, we choose not to make requirements on the stel-
lar mass of its companion. In other words, though the stel-
lar mass ratio between the two galaxies in the pair is less
6 Virial radius calculated through the abundance matching for-
mula of Guo et al. (2010).
7 The stellar mass of M31 and MW are about 1 − 5 × 1011M
and 6× 1010M, respectively (e.g. Tamm et al. 2012; Licquia &
Newman 2015; Sick et al. 2015).
8 Just geometrical middle point of both projected and line-of-
sight directions, not weighted by mass.
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Figure 1. Number counts of all photometric sources in HSC,
DECaLS and SDSS, as functions of r-band apparent magnitudes.
Vertical dashed lines mark a few typical values of apparent mag-
nitudes, i.e., r = 21, 22, 23 and 24.
than a factor of two (sharing similar stellar mass), the stel-
lar mass of the companion might still be out of the range
of 10.63 < log10 M∗/M < 10.93. Our choice helps to max-
imise the available sample size. Besides, in this study we will
investigate paired galaxies with different colour or colour
combinations. We divide galaxies into red and blue pop-
ulations by drawing a colour division line of 0.1(g − r) =
0.065 log10 M∗/M+0.1 over the colour-magnitude diagram
of SDSS spectroscopic galaxies. The number of red and blue
primary galaxies in pair with 10.63 < log10 M∗/M < 10.93
are 893 and 738, respectively. The numbers of galaxies in
red-red, blue-blue and red-blue pairs are 524, 341 and 766,
respectively. Note the global colour of our MW very likely
lies on this colour division line or in the green valley region,
which we will discuss later in Section 5.
2.3 HSC photometric sources
The HSC survey (Aihara et al. 2018a) is based on the prime-
focus camera, the Hyper Suprime-Cam (Miyazaki et al.
2012, 2018; Komiyama et al. 2018; Furusawa et al. 2018)
on the 8.2-m Subaru telescope. It is a three-layered survey,
aiming for a wide field of 1,400 deg2 with a depth of r ∼ 26,
a deep field of 26 deg2 with a depth of r ∼ 27 and an ultra-
deep field of 3.5 deg2 with one magnitude fainter. In this
work we use the wide field data. HSC photometry covers
five bands, namely HSC-grizy. The transmission and wave-
length range for each of the HSC gri-bands are almost the
same as those of SDSS (Kawanomoto et al. 2018).
The HSC data reduction pipeline is an specialised ver-
sion of the LSST (Jurić et al. 2017; Ivezić et al. 2019)
pipeline code. Details about the HSC pipeline are available
in the pipeline paper (Bosch et al. 2018), and we just briefly
introduce the main steps in the following.
Data reduction is at first achieved on individual expo-
sure basis. The sky background is estimated and subtracted
before source detections, and the detected sources are used
to calibrate the zero point and a gnomonic world coordinate
MNRAS 000, 000–000 (0000)
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system for each CCD by matching to external SDSS and
Pan-STARRS1 (PS1; Schlafly et al. 2012; Tonry et al. 2012;
Magnier et al. 2013; Chambers et al. 2016) sources. A secure
sample of non-blended stars are used to construct the PSF
model. Then a step called joint calibration is run to refine
the astrometric and photometric calibrations, requiring that
the same source appearing on different locations of the focal
plane during different visits should give consistent positions
and fluxes (Bosch et al. 2018). The HSC pipeline then re-
samples images to the pre-defined output skymap using a
5th-order Lanczos kernel(e.g. Jee & Tyson 2011; Turkowski
1990). All resampled images are combined together (coad-
dition).
From the coadd images, objects are detected, deblended
and measured. A maximum-likelihood detection algorithm
is run independently on the coadd image for each band.
Background is estimated and subtracted in this step once
again. The detected footprints and peaks of sources are
merged across different bands to remove spurious peaks and
maintain detections that are consistent over different bands.
These detected peaks are deblended and a full suite of source
measurement algorithm is run on all objects, yielding inde-
pendent measurements of position and source parameters in
each band. A reference band of detection is then defined for
each object based on both the signal-to-noise and the pur-
pose of maximising the number of objects in the reference
band. Finally, the measurements of sources are run again
with the position and shape parameters fixed to the values
in the reference band to achieve the “forced” measurements,
which brings consistency across bands and enables comput-
ing object colours using the magnitude difference in different
bands.
In this paper, we use detected photometric galaxies from
the S19A internal data release. The HSC database provides
the extendedness flag to classify whether a detected source
is more likely to be a point source or an extended galaxy. We
thus use primary sources which are classified as extended.
The type of magnitude for these extended HSC sources is
the so-called cModel magnitude, based on fitting composite
model combining Exponential and de Vaucouleurs profiles to
source images. We exclude sources with any of the following
pixel flags set as true in g, r and i-bands: bad, crcenter, sat-
urated, edge, interpolatedcenter or suspectcenter. We also
limit ourselves to footprints which have reached full depth
in g and r-bands, i.e., number of exposures in g and r greater
than or equal to four. The S19A bright star masks are cre-
ated based on stars from Gaia DR2, and sources within the
ghost, halo and blooming masks of bright stars in i-band
have been excluded. The total area is a bit more than 450
square degrees.
As shown by Figure 1, the number counts of HSC
sources keep rising to r ∼ 25. In fact, as have been pointed
out by Aihara et al. (2018b), the completeness of photomet-
ric sources in HSC is very close to 1 at r ∼ 25. Thus through-
out this paper, unless otherwise specified, we adopt a flux
limit of r < 25 for HSC photometric galaxies. However, also
according to Aihara et al. (2018b), the quality of star-galaxy
separation is very good at r ∼ 23, but the completeness
fraction of galaxies can drop to as low as 60–70% at r ∼ 25,
which depends on seeing. Note we do not worry about cases
when stars are mis-classified as galaxies, because stars are
not correlated with our sample of central primary galax-
ies, and thus are not expected to bias our results, though
the contamination by stars might increase the level of fore-
ground contamination and hence make the results noisier.
On the other hand, if galaxies are mis-classified as stars, our
results might be affected. Hence for results based on HSC
in this study, we will also try a few different cuts in flux, in-
cluding r < 21, r < 23 and r < 25, to ensure the robustness
of our results.
2.4 DECaLS photometric sources
The DESI Legacy Imaging Surveys are imaging the sky
in three optical bands (g, r and z) and four infrared
bands, which comprise 14,000 deg2 of sky area, bounded
by −18 deg < Dec. < 84 deg in celestial coordinates and
|b| > 18 deg in Galactic coordinates (Dey et al. 2019). The
surveys are comprised of 3 imaging projects, the Beijing-
Arizona Sky Survey (BASS; Zou et al. 2017), the May-
all z-band Legacy Survey (MzLS) and the Dark Energy
Camera Legacy Survey (DECaLS). The survey footprints
are observed at least once, while most fields are observed
twice or more times. In fact, the depth varies over the
sky. In this paper, we mainly focus on the sky region with
Dec. < 33 deg, i.e., the DECaLS footprint, which covers
∼9,000 deg2. This southern footprint also includes data from
the Dark Energy Survey (DES; Rossetto et al. 2011), which
covers ∼5,000 deg2 and is based on the same instrument as
DECaLS, i.e., the Dark Energy Camera (DECam; Flaugher
et al. 2015) at the 4-m Blanco telescope at the Cerro Tololo
Inter-American Observatory.
Data used in this study are downloaded from the eighth
data release of the DESI Legacy surveys. All data from the
Legacy Surveys are first processed through the NOAO Com-
munity Pipelines (Dey et al. 2019). Briefly, after processing
raw CCD images, the astrometric calibration is achieved
against sources with known coordinates from external refer-
ence star samples. The world stars are from Gaia DR1 for
data releases made later than the third release of the DESI
Legacy surveys. A word coordinate system is determined for
each CCD using these reference stars. The photometric cal-
ibration is based on PS1 DR1 sources. The zero point for
each CCD is determined independently.
The photometric source product is constructed by
tractor9. tractor generates an inference-based model of
the sky which best fits the real data. Here we briefly in-
troduce the main post-processing steps. Basically, the sur-
vey footprint is divided into 0.25×0.25deg2 regions, which
is referred to as “bricks”. For a given brick, all CCDs over-
lapping with it can be found, and for each CCD, an initial
sky background is estimated without masking sources. After
subtracting the initial sky, sources are detected and masked,
and the sky background is estimated again based on remain-
ing pixels. The PSF for each CCD is determined using PS-
FEx (Bertin 2011). Five independent stacks using sky sub-
tracted and PSF convolved CCD images are then made for
source detections, which include weighted sums of all CCDs
in g, r and z-bands, i.e., a weighted sum of all three bands
to optimise a “flat” SED with zero AB magnitude colour and
a weighted sum of all three bands to optimise a “red” SED
9 https://github.com/dstndstn/tractor
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7with g − r = 1 and r− z = 1. Sources are then detected us-
ing the five stacks with a threshold of 6σ. For each detected
source, tractor models its pipeline-reduced images from
different exposures and in multiple bands simultaneously.
This is achieved by fitting parametric profiles including a
delta function (for point sources), a de Vaucouleurs law, an
exponential model or de Vaucouleurs plus exponential to
each image simultaneously. The model is assumed to be the
same for all images and is convolved with the corresponding
PSF in different exposures and bands before fitting to each
image. The best fit is achieved by minimising the residuals of
all images. tractor also outputs the quantity which can be
used to distinguish extended sources (galaxies) from point
sources (stars).
Starting from the DESI Legacy Survey database sweep
files, we remove all sources with TYPE classified as “PSF”,
and require BITMASK not containing any of the following:
BRIGHT, SATUR_G (saturated), SATUR_R, SATUR_I,
ALLMASK_G10, ALLMASK_R, ALLMASK_I. According
to Figure 1, the average number counts of DECaLS sources
keep rising to r ∼ 23. However, given the variation of the
depth over the sky, unless otherwise specified, we adopt a
flux cut of r < 22.5 to define a safe flux limited sample
throughout our analysis in this study. We only use the re-
gions with depth deeper than 22.5 in r. This is achieved by
at first selecting bricks with at least three exposures in both
g and r-bands, and we also require the r-band GALdepth of
the bricks to be deeper than 22.5. We only include galaxies
within these selected bricks. For each galaxy, its GALdepth
is additionally required to be deeper than r = 22.5, oth-
erwise this galaxy is excluded. In addition, to ensure the
robustness of our results, we will test another two different
choices of flux limits, r < 21 and r < 23. For DECaLS,
the completeness of objects classified as extended galaxies is
above 90% at r < 22.5.
2.5 SDSS photometric sources
SDSS used a dedicated wide-field 2.5m telescope (York et al.
2000; Gunn et al. 2006) to image the sky in the drift scan
mode with five optical filters, ugriz (Fukugita et al. 1996;
Gunn et al. 1998). The sample of SDSS photometric galax-
ies used to construct satellite counts in this study is exactly
the same as those used in Wang & White (2012) and Wang
et al. (2014). As have been discussed extensively in the Ap-
pendix of Wang & White (2012), by using internal tests
based on the data itself, external tests using mock cata-
logues based on both directly projecting the simulation box
and light-cone mocks considering a series of realistic obser-
vational effects, the measured satellite luminosity and stellar
mass functions are robust against sample completeness, star-
galaxy separation, projection effects, background subtrac-
tion and K-corrections. In this study, we repeat our analysis
with our new primaries, and we will make detailed compar-
isons among results based on SDSS, DECaLS and HSC, to
validate the robustness of our results based on surveys with
10 ALLMASK_X denotes a source that touches a pixel with
problems in all of a set of overlapping X-band images. Explic-
itly, such pixels include BADPIX, SATUR (saturated) , INTERP
(interpolated), CR (hit by cosmic ray) or EDGE (edge pixels)
different observing strategy, data reduction, resolution and
depth.
The sample of photometric galaxies is downloaded from
Casjobs of SDSS DR8. Specifically, we downloaded sources
which are classified as galaxies in the surveyâĂŹs primary
object list, and that do not have any of the flags: BRIGHT,
SATURATED, SATURCENTER or NOPETROBIG11 set.
This follows the selection for the DR7 photoz2 catalogue
used above when selecting primary galaxies. SDSS DR8 has
included an improved algorithm of background subtraction
than previous releases, and has eliminated the number of
spurious sources which exist in DR7 (e.g. Mandelbaum et al.
2005; Aihara et al. 2011). We only use the sources within the
acception masks of the DR7 VAGC catalogue, which are
stored as spherical polygons. Note using later data releases
will not increase the signal, because our spectroscopic pri-
mary galaxies are selected from the DR7 Main galaxies, and
the overlapping footprints with releases later than DR8 are
not increased. Throughout the paper, we use the Petrosian
magnitude12 for SDSS, which self-consistently defines the
colour of galaxies within the same aperture size crossing dif-
ferent bands. The flux limit we adopt for SDSS is the same
as Wang & White (2012), i.e., r < 21. As the readers can
also see from Figure 1, number counts of SDSS sources keep
rising to r ∼ 21, and as has been shown in the Appendix of
Wang & White (2012), the completeness of SDSS extended
galaxies is very close to 1 above this flux limit.
2.6 Milky Way satellites
The V -band luminosity, R.A., Dec. and distances of the
MW satellites are taken from Newton et al. (2018), Ri-
ley et al. (2019) and Li et al. (2020). As the readers will
see, the MW satellites which can be used to compare with
extra-galactic satellites from HSC, DECaLS and SDSS pho-
tometric sources introduced above are all brighter than
MV ∼ −10. These include LMC, SMC, Fornax, Leo I, Sculp-
tor and Sagittarius-I. We provide in Table 2 the Galactocen-
tric distances, positions and V -band absolute magnitudes of
these satellites.
3 METHODOLOGY
3.1 Satellite luminosity function
Our methods of counting photometric satellites around spec-
troscopic primary galaxies and computing the intrinsic lu-
minosities of satellites are based on the approach of Wang
& White (2012). For each primary galaxy in a given stellar
mass bin, we at first count all its photometric companion
galaxies down to a certain flux limit and projected within
the halo virial radius, R200 (see Table 1). The physical scale
is calculated based on the redshift and angular diameter
distance of the central primary. However, without redshift
information and accurate distance measurements for these
11 NOPETROBIG means the Petrosian radius appears to be
larger than the outermost point of the extracted radial profile.
12 We have repeated the calculation by using SDSS model mag-
nitudes, and the satellite LFs based on Petrosian or model mag-
nitudes are very similar.
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Table 2. Galactocentric positions and V -band absolute magnitudes of six MW satellites brighter than MV ∼ −10. Riley et al. (2019)
defined the spherical coordinate system in the following way. The x-axis points from the Sun to the Galactic centre, the y-axis points
towards the direction of Galactic longitude, l = 90 deg, and the z-axis points towards the north Galactic pole. θ is defined from the
z-axis, and φ is defined from the x-axis so that the Galactic rotation is in the −φ direction.
Satellite rGC [kpc] θ [deg] φ [deg] MV
Sagittarius I 18.3+2.0−2.0 110.6
+0.8
−0.6 8.2
+0.3
−0.3 −13.5
LMC 50.3+2.0−1.9 123.3
+0.0
−0.0 −90.7+0.4−0.5 −18.1
SMC 61.3+4.2−3.8 136.9
+0.1
−0.1 −66.8+0.6−0.7 −16.8
Sculptor 84.0+1.5−1.5 172.5
+0.1
−0.1 −119.7+0.9−0.1 −11.1
Fornax 149.5+8.6−9.0 153.9
+0.1
−0.1 −129.1+0.3−0.4 −13.4
Leo I 261.9+9.2−9.3 41.7
+0.0
−0.0 −135.8+0.1−0.1 −12.03
photometric companions, the companion counts can only be
recorded as a function of apparent magnitude and observed-
frame colour. In addition, the total companion counts not
only include true satellites, but also include contamination
by fore/background sources.
We obtain the intrinsic luminosities and rest-frame
colours for companions in the following way. For each com-
panion, we employ the empirical K-correction of Westra
et al. (2010) to estimate its rest-frame colour by using the
observed colour and also assuming that the companion is at
the same redshift as the primary. This is a reasonable ap-
proximation, because physically associated satellite galaxies
are expected to share very similar redshifts as the central
primary. For fore/background galaxies, their K-correction
is wrong, but we will subtract the fore/background counts
later. The distance modulus correction is also based on the
redshift of the central primary. After obtaining the abso-
lute magnitudes and rest-frame colours. A conservative red
end cut of 0.1(g− r) < 0.065 log10 M∗/M+ 0.35 is made to
the companions to reduce the number of background sources
which are too red to be at the same redshift of the primary,
and hence increase the signal13. The colour cut is drawn from
the colour distribution of SDSS spectroscopic Main galaxies.
To ensure the completeness of satellite number counts
in different luminosity bins, for each primary, we convert the
corresponding flux limit of a given survey to a K-corrected
absolute magnitude, Mr,lim, using the redshift of the pri-
mary and a colour chosen to be on the red envelope of the
intrinsic colour distribution for galaxies at that redshift. For
a given luminosity bin, primaries are allowed to contribute
to the final companion counts only if Mr,lim is fainter than
the fainter bin boundary. As a result, the numbers of ac-
tual central primaries contributing to different luminosity
bins can vary. The fainter the luminosity, the less number
of primaries can contribute the counts, and their redshifts
are lower. In the end, the total counts are divided by the
total number of primaries which actually contribute to the
13 In order to test whether we might have excluded some ex-
tremely red satellite galaxies, we calculate the LF using galaxies
redder than this colour cut. We find that the signals are very close
to zero. Sometimes the signals can be positive, but the amplitudes
are significantly less than 1‰ of the satellite LFs measured in this
paper. Thus even if a small number of extremely red satellites are
lost due to this red end cut, our results are unlikely to have been
significantly affected.
satellite counts in each bin, which provides the averaged and
complete satellite LF per primary galaxy.
To subtract fore/background contamination, we repeat
exactly the same procedures using a sample of random pri-
maries, which are assigned the same redshift and stellar mass
distributions as true central primaries, but their coordinates
have been randomised within the survey footprint. The av-
eraged companion counts per primary around these random
primaries are subtracted from the counts around real pri-
maries.
Due to the survey boundary and masks of bad pixels
and bright stars, we should estimate the completeness of
the projected area around primaries. For HSC and DECaLS,
this is achieved by using their photometric random samples
provided in the database. We apply exactly the same selec-
tion and masks to random points. The completeness of the
projected area is estimated as
fcomplete =
number of actual random points
area× (surface density of random points) .
(1)
For SDSS, the completeness fraction is estimated
through the acception masks/spherical polygons of the DR7
VAGC catalogue. Around each primary, we generate ran-
dom points by ourselves, and fcomplete is defined as the ratio
between the number of random points within the spheri-
cal polygons and all random points in the projected area
around each primary. Our actual companion counts around
both real and random primaries are divided by fcomplete for
incompleteness corrections.
3.2 Inner radius cut and projection effects
As have been introduced in Section 2, HSC, DECaLS and
SDSS have very different survey depth and resolution. The
deeper a survey is, the more fainter sources and the more
extended low surface brightness structures can be detected,
and thus the observed field is more crowded. As a result,
deep surveys such as HSC suffer from more serious source
blending issues than other shallower surveys. Details about
direct comparisons among the three surveys are provided in
Appendix A. As the readers can see from Figure A1, there
are far more faint sources detected in HSC and around the
central primary galaxies. Some sources are real, which are
failed to be detected in both SDSS and DECaLS. However,
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Figure 2. Cumulative V -band luminosity functions (LFs) for satellite galaxies projected within the halo virial radius to isolated central
galaxies (ICG1s) in HSC, DECaLS and SDSS (see the legend). In addition, an inner radius cut of rp > 30 kpc has been adopted for
all three surveys to avoid failures in source deblending. Flux limits are adopted to be r < 21, r < 22.5 and r < 25 for SDSS, DECaLS
and HSC, respectively. The text in each panel indicates the log stellar mass range of primaries. Errorbars are 1-σ scatters based on 100
boot-strap subsamples.
some sources are in fact fake detections, which are in the
photometric region of the central galaxy itself and are mis-
takenly deblended to be companions.
To avoid such deblending failures on small scales to
the central primaries, we adopt an inner radius cut of
rp > 30 kpc for all the results in the main text of this pa-
per. We also provide results in Appendix A showing the
evidences supporting the choice of rp > 30 kpc. We also
found that failures of source deblending is more frequent
around blue primaries, because blue galaxies have rich sub-
structures such as star-forming regions along the spiral arms,
which are more easily to be mistakenly deblended as com-
panion sources. Thus the inner radius cut is very important
in order to properly avoid the deblending failures and ensure
consistencies among HSC, DECaLS and SDSS.
The inner radius cut not only excludes fake sources,
but real sources within rp ∼30 kpc are also excluded. This,
however, does not affect the fair comparison among differ-
ent surveys if we adopt the same cut for all of them. In
addition, to ensure fair comparison with the MW satellite
LF, we need to properly consider the projection effect. This
is because extra-galactic satellites are observed in projec-
tion, whereas the MW satellites are observed in 3-D. We
choose to project the observed 3-D positions of MW satel-
lites along 600 randomly selected “line-of-sight” directions.
For each direction of projection, we calculate the satellite
LF after excluding satellites projected within 30 kpc. In the
end, we calculate the mean MW satellite LF based on all 600
projections, and the 1-σ scatter among these different pro-
jections is adopted to represent the uncertainties. The inner
radius cut of 30 kpc always excludes Sagittarius-I in Table 2
from our analysis, due to its short Galactocentric distance
of rGC = 18.3 ± 2.0 kpc. The other MW satellites we use
for the comparison are at distances greater than 30 kpc, al-
though the projection would make satellites appear to be
closer than this distance cut in some cases.
In the end, we note that the MW satellite LF is mea-
sured in V -band. However, we do not have V -band data for
any of the three surveys used in this study. To ensure fair
comparisons, we convert the r-band magnitudes to V -band
based on the transformations provided by Blanton & Roweis
(2007) and by using the g − r colours of satellites.
4 RESULTS
In this section we present our satellite LF measurements.
First, we show results for all primary galaxies grouped into
eight stellar mass bins, and we investigate whether the satel-
lite LF depends on the magnitude gap between the central
primary galaxy and its satellites, using ICG1s and ICG2s.
Then we move on to present results focusing on isolated cen-
tral galaxies (or galaxy pairs) sharing similar properties as
our MW (or as the MW and M31), and compare the mea-
surements with the MW satellite LF.
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Figure 3. Differential V -band LFs for satellite galaxies projected between 30 kpc and the halo virial radius, and centred on two different
populations of isolated central galaxies (ICG1 and ICG2). The results are based on DECaLS. Companions of ICG1s are required to be
fainter than ICG1s, while companions of ICG2s are at least one magnitude fainter. Due to the selection, ICG2s have less satellites, which
could be an indication of smaller host halo mass. Errorbars are 1-σ scatters based on 100 boot-strap subsamples.
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Figure 4. Differential V -band LFs for satellite galaxies projected between 30 kpc and the halo virial radius to ICG1s in DECaLS.
Errorbars are 1-σ scatters based on 100 boot-strap subsamples. Double Schecter functions are fit to the LFs. Black dashed curves show
the best fits, while the two components are plotted as blue and red dashed curves.
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Table 3. The best-fit double Schecter function parameters to satellite LFs around ICG1s in Figure 3.
logM∗/M M0 Φ∗,1 Φ∗,2 α β
11.4-11.7 −21.27±0.10 9.662±0.567 0.477±0.703 −0.953±0.111 −1.730±0.251
11.1-11.4 −21.42±0.10 2.038±0.163 0.026±0.035 −1.081±0.064 −1.979±0.444
10.8-11.1 −20.56±0.05 0.532±0.045 0.393±0.017 −0.000±0.251 −1.332±0.018
10.5-10.8 −19.83±0.04 0.346±0.024 0.141±0.012 −0.000±0.028 −1.416±0.034
10.2-10.5 −19.42±0.06 0.180±0.021 0.080±0.010 −0.000±0.040 −1.437±0.047
9.9-10.2 −19.06±0.19 0.084±0.028 0.072±0.013 −0.000±0.287 −1.381±0.071
9.2-9.9 −18.81±0.29 0.088±0.026 0.001±0.002 −-1.035±0.121 −2.064±0.138
8.5-9.2 −17.15 ±0.38 0.058±0.036 0.029±0.015 −0.000±0.144 −1.601±0.159
4.1 Satellites of all primary galaxies
Figure 2 shows the LFs for satellite galaxies projected be-
tween 30 kpc and the halo virial radius to ICG1s in HSC,
DECaLS and SDSS, and ICG1s are grouped into eight stellar
mass bins (see the text in different panels). Throughout this
paper, the errorbars for extra-galactic satellite LFs are based
on the 1-σ scatters of 100 boot-strap subsamples, which re-
flect the errors on the mean satellite population of different
primaries. We are able to measure the satellite LFs around
primaries as small as 8.5 < logM∗/M < 9.2. The satellite
LFs based on HSC, DECaLS and SDSS are very similar to
each other in all of the panels. Considering the very differ-
ent observational mode, data reduction, depth and image
resolution, the consistency among these surveys is very en-
couraging.
There are, however, still some very small and delicate
differences. At the bright end, the difference might be partly
due to the small number of bright galaxies and hence rel-
atively large sample variance. At fainter magnitudes, the
difference could be caused by many reasons. First of all, dif-
ferent flux limits are adopted for the three surveys. In fact,
we have explicitly tested that after adopting the same flux
limit of r < 21 for all surveys, the results in in Figure 2
remain almost unchanged. We avoid repeatedly showing the
figure with r < 21, but the readers can still find part of
the tests based on a stellar mass bin similar to our MW in
Section 4.2.
Secondly, we can see HSC measurements tend to show
slightly higher amplitudes than both SDSS and DECaLS
in almost all of the panels. This is at least partly due to
the deeper surface brightness depth of HSC, and thus more
low surface brightness satellites can be detected. While the
integrated flux of a faint satellite is still above the survey
flux limit, it might not have been detected because it is
diffuse and has low surface brightness (e.g. Danieli et al.
2018; Carlsten et al. 2020c). We provide more evidences in
Appendix A.
In addition, given the different image resolution or PSF
size, the ability for different survey pipelines to deblend
sources can vary. HSC is able to disentangle multiple sources
which have very small angular separations, whereas SDSS
might treat them as one single source. This could cause some
very delicate differences in both satellite number counting
and magnitudes.
Moreover, the photometric system, data reduction steps
and depth of different surveys are not the same, and the
magnitudes are defined and calculated in different ways. As
a result, even for the same source, its magnitudes in HSC,
DECaLS and SDSS can differ. However, the filter system
between SDSS and HSC is very similar, and as have been
checked in Qiu et al. (2020), the mean magnitude difference
between the same source in SDSS and HSC is negligible,
and thus we do not expect the difference in magnitudes can
significantly affect our results. We provide in Appendix A
(Figure A4) more detailed comparisons by using matched
sources between different surveys.
Lastly, we have excluded photometric sources with a
few bad-quality photometric flags setting up to be true, in-
cluding bad pixels, saturated, edge, cosmic rays and so on
(see Section 2 for details). However, it is difficult to have
exactly the same selection by photometric flags for different
surveys. We have tested that after removing the selection by
photometric flags, and the change in measured satellite LFs
is smaller than 1%.
For primaries more massive than logM∗/M ∼ 10.8,
we can robustly push down to MV ∼ −14 or −13. Results
based on HSC can push even fainter (close to MV ∼ −10 in
the two most massive bins), but the measurements are quite
noisy due to the small HSC footprint. For smaller primaries,
we can push close to MV ∼ −10. This is because massive
bright primaries are biased to have higher redshifts14, but
for fainter luminosity bins, only those satellites around more
nearby primaries are complete and are allowed to contribute
to the satellite counts (see Section 3 for details). Thus we do
not have enough number of nearby massive bright primaries
contributing to the number counts of intrinsically faint satel-
lites. On the contrary, smaller and fainter primaries have
lower redshift distributions, and thus we are able to push
down to even fainter magnitudes for satellites around them.
Previous measurements of satellite LFs based on SDSS
can go as faint as Mr ∼ −14 (e.g. Wang & White 2012)
or about MV ∼ −14 as well (e.g. Guo et al. 2011b), i.e.,
at most ∼8 magnitudes fainter than the central primaries.
Very recently, after carefully considering the varying survey
depths, new measurements of satellite LFs based on DE-
CaLS can also reach Mr ∼ −14 (Tinker et al. 2019). Note
the measured satellite LFs in Wang & White (2012) stopped
at the stellar mass of log10 M∗/M = 10.2 for primaries. In
14 We can observe bright galaxies out to larger distances, and
at nearby distances, the number of bright galaxies is small due
to the low volume density and the small volume in the nearby
universe.
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this study, we have managed to extend the previous mea-
surements down to much fainter satellites (MV ∼ −10)
and around smaller primaries (9.9 < log10 M∗/M < 10.2,
9.2 < log10 M∗/M < 9.9 and 8.5 < log10 M∗/M < 9.2).
The stellar mass of the LMC is likely to be in be-
tween the two lowest stellar mass bins in our analysis. The
LMC should have its own satellites before merging into our
Galaxy. Many efforts have been devoted to potentially de-
termine how many satellites does the LMC have before in-
fall (e.g. Deason et al. 2015; Jethwa et al. 2016; Sales et al.
2017), which still tend to show large uncertainties. As have
been pointed out by Dooley et al. (2017), it is useful to look
at the population of satellites around isolated galaxies with
LMC stellar mass, and these isolated LMC-like systems are
also important for the study of environmental effects on the
evolution of dwarf galaxies (e.g. Wetzel et al. 2015). Our
measurements predict an average number of 3–8 satellites
brighter than MV ∼ −10 of LMC-mass ICGs.
Unfortunately, despite the much deeper survey depths
of r < 25, HSC does not seem to be able to push signifi-
cantly fainter than DECaLS (r < 22.5) or SDSS (r < 21).
This is mainly due to the much smaller footprint of HSC (a
bit more than 450 square degrees) than the other two sur-
veys. The footprints of SDSS and DECaLS are above 8,000
and 9,000 square degrees, respectively15. However, it is still
very encouraging that even given the more than ten times
smaller footprint, HSC is still able to achieve comparable
or slightly better performance. Hence it is promising to wait
for the completion of the HSC mission and use the full 1,400
square degrees of the planned footprint to push even fainter.
Besides, our results based on HSC can be regarded as a pi-
oneer study of the future LSST survey, which is designed to
have similar depth but much larger footprint (about 23,000
sq. deg.) than HSC. Our results based on HSC have demon-
strated the power of such deep surveys to help revolutionise
our understanding towards faint extra-galactic satellites.
Compared with ICG1s, ICG2s are selected with more
strict criteria, i.e., its companions should be at least one
magnitude fainter. Now we move on to compare satellite
LFs measured around ICG1s and ICG2s. The results are
shown in Figure 3. We only show the differential LFs based
on DECaLS, because of its larger footprint than HSC and
greater depth than SDSS, though we have explicitly checked
that HSC and SDSS show very similar results. Green curves
are based on ICG1s, while red curves are based on ICG2s,
and due to the larger magnitude gap between the primaries
and their companions, the bright end cut off of satellite LFs
around ICG2s becomes more significant by definition. In ad-
dition, we also see that the LFs around ICG2s tend to have
lower amplitudes than those around ICG1s, and this is true
over the wide luminosity range probed here.
The difference between ICG1s and ICG2s is very inter-
esting. Although we have only changed the magnitude gap
between primaries and their companions in our selection,
the magnitude gap affects not only the bright end, but also
the overall abundance of satellite galaxies at different mag-
nitudes. Many previous studies have tried to link satellite
15 Considering the footprint overlapping with spectroscopic cen-
tral galaxies from the SDSS Main sample galaxies, the effective
footprint of DECaLS is smaller than SDSS.
abundance or total satellite luminosity to host halo mass
(e.g. Wang & White 2012; Sales et al. 2013; Wang et al.
2014; Tinker et al. 2019), and such links have been proved
by Mandelbaum et al. (2016) through direct weak lensing
measurements. Thus the lower amplitudes for ICG2s in Fig-
ure 3 imply that ICG2s are likely hosted by less massive
haloes. This is also supported by studies based on numeri-
cal simulations, which claim that the host halo mass depends
on the magnitude gap between central and satellite galaxies
(e.g. Lu et al. 2015). About the nature of why such magni-
tude gaps can be linked to satellite abundance or halo mass,
it might be related to the assembly history of haloes, which
we will investigate in future studies.
We fit the following double Schecter functions to satel-
lite LFs in DECaLS (green curves in Figure 2 and 3)
Φ(L)dL =
{
Φ∗,1
[
L
L0
]α
+ Φ∗,2
[
L
L0
]β}
exp
(
− L
L0
)
dL,
(2)
and because the relation between luminosity and absolute
magnitude is L
L0
= 10−0.4(M−M0), Equation 2 can be ex-
pressed in terms of absolute magnitude M as
Φ(M)dM = 0.4 ln 10
×
[
Φ∗,110
−0.4(M−M0)(α+1) + Φ∗,210
−0.4(M−M0)(β+1)
]
× exp
[
−10−0.4(M−M0)
]
dM. (3)
The best fits are shown in Figure 4, in which we present
the differential satellite LFs instead of cumulative ones. The
best-fit parameters are provided in Table 3. Except for the
stellar mass bin of 9.2 < log10 M∗/M < 9.9, which has a
faint end slope slightly steeper than −2, the best-fit faint end
slopes of all the other panels are shallower than −2. In addi-
tion, there are some indications in the top right panel that
the faint end tends to show some signs of up-turning. The
measurements at the faint end are quite noisy, and thus we
avoid drawing a very strong conclusion in this paper. How-
ever, the faint end slopes of satellite LFs have very important
cosmological implications. For example, the predicted num-
ber of substructures by warm and cold dark matter models
only vary at the small mass end (e.g. Lovell et al. 2014),
and if the satellite LF continues to rise sharply at the faint
end, the rich number of small satellites can provide impor-
tant clues to distinguish different dark matter models. In
addition, the faint end slopes of satellite LFs contain infor-
mation about the formation history of galaxies at the early
Universe and can be used to constrain models of galaxy for-
mation (e.g., Lim et al. 2017; Lan et al. 2016). Future deep
and wide photometric surveys such as LSST, combined with
our method of counting photometric satellites around spec-
troscopic primaries, is thus very promising and powerful to
help improving the statistics at the faint end and hence can
potentially revolutionise our understanding towards the na-
ture of extremely faint and small satellites, though one has
to very carefully deal with possible systematics at such faint
magnitudes.
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Figure 5. Cumulative V -band LFs for satellite galaxies pro-
jected between 30 and 260 kpc to MW-mass ICG1s (10.63 <
log10 M∗/M < 10.93). Results based on SDSS, DECaLS and
HSC are overplotted with each other for comparisons (see the leg-
end). Flux limits are adopted to be r < 21, r < 22.5 and r < 25
for SDSS, DECaLS and HSC, respectively. Black solid histogram
shows the cumulative LF for MW satellites after projection and
with the same inner radius cut of rp > 30 kpc. Errorbars for
HSC, DECaLS and SDSS results are 1-σ scatters based on 100
boot-strap subsamples. Errorbars for the MW satellite LF are
calculated from the 1-σ scatters among 600 different projections.
4.2 Satellites of Milky-Way-like primary galaxies
According to the recent study by Licquia & Newman (2015),
the total stellar mass of our MW is about (6.08 ± 1.14) ×
1010M. Centred on this value16, Figure 5 shows satellite
LFs around ICG1s in the stellar mass range of 10.63 <
log10 M∗/M < 10.93. Results based on HSC, DECaLS and
SDSS show very good agreement with each other, though
HSC tends to show slightly higher amplitudes, and as have
been discussed in the previous section, this is likely real
(more details can be found in Appendix A). All results tend
to have higher amplitudes and steeper slopes than the MW
satellite LF17, and the tension with the MW satellite LF
is much more significant than the boot-strap errors. Note
while the boot-strap errors for extra-galactic satellites re-
flect the errors on the mean satellite population of different
primaries, the errors of the MW satellite LF are based on the
1-σ scatters of 600 random projections, and thus the errors
are smaller at the faint end, where the cumulative number of
16 The MW mass models provided by McMillan (2011) provide
a slightly larger value of stellar mass, 6.43± 0.63× 1010M, and
as we will discuss later, this will not affect the conclusion of this
paper.
17 The MW satellite count in each bin is not an integer. This is
due to the projection effect (see Section 3 for details).
satellites becomes larger and less sensitive to the projected
inner radius cut. We will come back to discuss the tension
between extra-galactic and the MW satellite LF later.
Figure 6 shows results based on HSC (left) and DE-
CaLS (right), and we have tried a few different flux limits
for each survey. Despite the difference in flux limits, the
agreement is extremely good, indicating our satellite count-
ing methodology works very well. The good agreement also
proves the completeness of both surveys. However, we note
that at MV > −15, results based on fainter flux cuts tend
to have slightly lower amplitudes than those with brighter
cuts, though the differences are mostly smaller than the er-
rors. This might indicate some small amount of incomplete-
ness, due to, for example, failures in detecting low surface
brightness satellites or mis-classifications of galaxies as stars.
These small differences at the faint end, however, cannot vi-
olate the conclusions of this paper.
Now we start to compare MW satellites with the satel-
lites around central primary galaxies selected in different
ways. We will only show results based on DECaLS. This is
because its footprint is larger than HSC and thus can in-
clude more galaxy pairs. Besides, the flux limit is deeper
than SDSS, and thus the signal is better at faint ends. As
we have explicitly checked, results based on HSC and SDSS
are consistent. The left plot of Figure 7 shows the satellite
LFs measured around ICG1s, ICG2s and primary galaxies
in pairs. The green curve (ICG1s) is exactly the same as the
one in Figure 5. As we have already investigated in Figure 3,
the amplitude of satellite LFs around ICG2s is lower. The
bright end cutoff also becomes more significant. As a result,
the agreement with the MW satellite LF at the bright end
is better, while the tension at fainter luminosities is smaller
but still remains.
The yellow curve in Figure 7 shows the result for pri-
mary galaxies in pairs similar to the MW and M31. The LF
shows stronger bright end cutoff. Compared with the MW
satellite LF, the yellow curve has slightly lower amplitudes
at the bright end, and higher amplitudes at MV > −15. In
fact, for primaries selected in these different ways, they all
have steeper slopes and higher amplitudes at MV > −15
than the MW satellite LF.
It has been shown in previous studies that red isolated
primaries have more satellites and are hosted by more mas-
sive dark matter haloes than blue primaries with the same
stellar mass (e.g. Wang & White 2012; Wang et al. 2014;
Mandelbaum et al. 2016; Man et al. 2019), and thus we fur-
ther split our sample of primaries in pairs into red and blue
populations. As has been mentioned in Section 2, this is
achieved by a stellar mass dependent division of 0.1(g−r) =
0.065 log10 M∗/M+0.1 over the colour-magnitude diagram
of SDSS spectroscopic galaxies. The readers can find more
details in Wang &White (2012). The satellite LFs of red and
blue primaries in pair are shown as magenta and cyan curves
in the right plot of Figure 7. There is no significant differ-
ence between the satellite LFs around red or blue primary
galaxies in pair, and the tension with the MW satellite LF
is still present. Note that when cumulating satellite counts
around one of the primary galaxies in the pair, we did not in-
clude any additional requirements on the colour of the other
primary.
As a comparison, we also show in Figure 8 the satellite
LFs around all, red and blue ICG1s. The number of red
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Figure 6. Left: Cumulative V -band LFs for satellite galaxies projected between 30 and 260 kpc to MW-mass ICG1s (10.63 <
log10 M∗/M < 10.93). The results are based on HSC. Three different flux limits of r < 21, r < 23 and r < 25 are adopted. LFs
based on different flux limits show very good agreement with each other, which validates our method and the sample completeness of
HSC. Right: Similar to the left panel, but shows results based on DECaLS. Three different flux limits of r < 21, r < 22.5 and r < 23
are adopted. In both panels, the black solid histogram shows the cumulative LF for MW satellites after projection and with the same
inner radius cut of rp > 30 kpc. Errorbars are calculated in the same way as Figure 5.
and blue MW-mass ICG1s (46352 and 33488) is significantly
larger than the number of red and blue primary galaxies in
pair (893 and 738). Thus the errorbars are much smaller.
Red ICG1s in Figure 8 tend to have more satellites, which
is consistent with conclusions in previous studies.
While the small sample size and large errorbars prob-
ably have prevented us from tracking any significant differ-
ences between red and blue primaries in pair, we now move
on to investigate satellite LFs for galaxy pairs with differ-
ent colour combinations. This is shown in Figure 9 for red-
red (red curve), blue-blue (blue curve) and red-blue (green
curve) pairs. We also overplot the yellow curve for all pri-
mary galaxies in pair from Figure 7. The numbers of galax-
ies in red-red, blue-blue and red-blue pairs are 524, 341 and
766, respectively. There are two interesting features. First
of all, different colour curves all have steeper slopes than
that of the MW satellite LF, and are lower in amplitudes at
the bright end and higher in amplitudes beyond MV ∼ −15
than the MW satellite LF. Moreover, despite the large er-
rorbars and the failure of tracking down any significant dif-
ference in the previous Figure 7, now we can clearly see that
red-red and blue-blue pairs both have more satellites than
red-blue pairs (see Section 5.2 for more details about the
significance).
Under the standard framework of cosmic structure for-
mation, red galaxies formed early and grew fast at early
stages, which then triggered feedback prohibiting late-time
star formation activities, while their host dark matter halo
and satellite populations keep growing through accretion. As
a result, at fixed halo mass, the stellar mass of red galaxies
tends to be smaller than that of blue galaxies, because red
galaxies have stopped forming stars18.
Therefore, red galaxies having more satellites can be ex-
plained under the standard cosmological model, and as have
been checked by Wang & White (2012) (also see, e.g., Wang
et al. 2014; Man et al. 2019), the trend can be reproduced by
modern galaxy formation models. It is thus straight-forward
to understand why red-red galaxy pairs can have more satel-
lites than primaries in pair with other colour combinations.
However, it is still puzzling why galaxies in blue-blue pairs
tend to have more satellites than red-blue pairs in Figure 9,
given the fact that blue isolated galaxies do not show such a
trend. In Section 5, we provide more discussions, including
a comparison with the prediction by Illustris TNG-100.
5 DISCUSSIONS
5.1 Comparison with Illustris TNG-100
We have shown that the averaged satellite LF of blue-blue
primary galaxies in pair have higher amplitudes than that of
primaries in pair with red-blue colour combinations. Here we
start our investigation by checking whether modern numeri-
cal simulations can reproduce such a trend. We use the publi-
cally released Illustris TNG-100 halo and subhalo catalogues
18 Late-time dry mergers can contribute to the growth of stellar
mass while still keep red galaxies quiescent, but considering the
peak stellar to dark matter mass ratio (e.g. Guo et al. 2010), the
accreted stellar mass is much less than the amount of accreted
dark matter.
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Figure 7. Left: Cumulative V -band LFs for satellite galaxies projected between 30 and 260 kpc to ICG1s, ICG2s and primary galaxies
in pair (see the legend). All different types of primary galaxies are required to have similar stellar mass as our MW, i.e., 10.63 <
log10 M∗/M < 10.93. In addition, although upon selecting galaxy pairs, the mass ratio between the two galaxies in pair is required to
be smaller than a factor of two, the stellar mass of the companion is not necessarily in the range of 10.63 < log10 M∗/M < 10.93. For
such cases, only one galaxy in the pair is used for this plot, while the other is not. This maximises our sample size. Right: Similar to
the left plot, but shows the satellite LFs of all, red and blue primary galaxies in pair (see the legend). The yellow curve is exactly the
same in both plots. For red or blue central galaxies in pair, no restrictions are made to the colour of the other companion. Results in
both plots are are based on DECaLS. The black solid histogram shows the cumulative LF for MW satellites after projection and with
the same inner radius cut of rp > 30 kpc. Errorbars are calculated in the same way as Figure 5.
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Figure 8. Cumulative V -band LFs for satellite galaxies projected
between 30 and 260 kpc to all, red and blue ICG1s with stellar
mass in the range of 10.63 < log10 M∗/M < 10.93. Errorbars
are calculated in the same way as Figure 5.
for the analysis. The box size of TNG-100 is 75 h−1Mpc. The
TNG series of simulation includes a comprehensive model
for galaxy formation under the standard cosmological con-
text. It self-consistently solves for the coupled evolution of
dark matter, gas, stars, and black holes from early times
to z = 0 (Nelson et al. 2019; Marinacci et al. 2018), which
produced reasonable and quantitative agreement with the
colour distribution, clustering, satellite abundance and stel-
lar mass distribution of observed galaxies (e.g. Nelson et al.
2018; Springel et al. 2018; Pillepich et al. 2018).
To select primary galaxies in pair and in analogy to
those in SDSS/DR7, we project the simulation box along x,
y and z-directions, and each galaxy can be assigned a “red-
shift” based on its coordinate and velocity along the pro-
jected direction. Galaxy pairs are then selected with exactly
the same isolation criteria as those introduced in Section 2.
Besides, we also select galaxy pairs in 3-dimensional coor-
dinates, by applying the selection along the direction per-
pendicular to the line of sight to the 3-dimensional distance
separations of galaxies in the simulation. We denote the two
selections by “proj. sel” and “3-D sel”.
Satellites counts are made in projection or in 3-
dimensional coordinates. The counts made in projection
is analogous to real observation. For each projection, we
first count companions projected within a cylinder, includ-
ing those fore/background galaxies. The fore/background
counts are then subtracted statistically through the counts
around random points. The counts of all primaries and in all
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Figure 9. Cumulative V -band LFs for satellite galaxies pro-
jected between 30 and 260 kpc to primary galaxies in pair. A
few different colour combinations are adopted for the two pri-
mary galaxies, i.e., “red-red”, “blue-blue” and “red-blue”. “pair
all” is exactly the same as the yellow curve in Figure 7. Pri-
maries are required to have similar stellar mass to our MW,
i.e., 10.63 < log10 M∗/M < 10.93, but the stellar mass of the
other companion is not necessarily in this range and hence might
not be used for this plot. All results are based on DECaLS. The
black solid histogram shows the cumulative LF for MW satellite
galaxies after projection and with the same inner radius cut of
rp > 30 kpc. Errorbars are calculated in the same way as Figure 5.
three projected directions (x, y and z) are cumulated and
averaged in the end. On the other hand, when counting satel-
lites in 3-dimensional coordinates, we simply draw a sphere
centred on each primary and count companions within the
sphere. Satellites counted in the two different ways are de-
noted as “proj. count” and “3-D count”.
The satellite LFs are calculated directly from the abso-
lute magnitudes of galaxies in TNG-100. We did not con-
struct and use light-cone mock catalogues, and thus the di-
rect projection of simulation box cannot fully represent the
depth in background counts of a given flux limit. However,
as we have very carefully checked and explicitly shown in the
Appendix of Wang &White (2012), results based on directly
projecting the simulation box and based on full light-cone
mock catalogues are very similar to each other, though the
latter is nosier due to its much larger background level.
Figure 10 shows the satellite LFs of primary galaxies
in pair from TNG-100. Similar to Figure 9, we try differ-
ent colour combinations for the galaxy pair. The methods
of primary selection and satellite counting are indicated by
the text in each panel. Note that due to the resolution limit
of TNG-100, the satellite LFs beyond MV ∼ −16 tend to
be flattened, but we think this will not affect our compar-
ison unless the satellite distributions around red and blue
primaries are affected differently.
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Figure 10. Cumulative r-band LFs for satellite galaxies around
MW-mass primary galaxies in pair from Illustris TNG-100. Top
Left: Primaries are selected in projection, and satellite counts
are made in projection (30 kpc < rp < 260 kpc), with statistical
fore/background subtractions.Top Right: Primaries are selected
in projection, and satellite counts are made in 3-D (30 kpc <
r < 260 kpc). Bottom Left: Primaries are selected in 3-D, and
satellite counts are made in 3-D as well. Errorbars are the 1-σ
scatters of 100 boot-strap subsamples.
In all three panels of Figure 10, satellite LFs around
blue-blue galaxy pairs do not show higher amplitudes than
other colour combinations at Mr > −17.5. At the bright
end, the blue curves tend to show higher or comparable am-
plitudes as the green curve, which is more similar to what we
see in real data. Except for the bright end, TNG-100 does
not reproduce similar trends as the real observation.
When the selection is made in projection, the number
of primary galaxies in red-red, blue-blue and red-blue pairs
are about 61, 46 and 91 (for x, y and z directions added
together), out of which 53, 44 and 89 are true halo central
galaxies, respectively. The numbers are small, but is already
enough for us to check the trend, and at least in the simula-
tion, the purity of galaxy pairs is high, and our results seem
unlikely to have been affected by contamination of satellites
in our sample of primary galaxies.
5.2 Why are there more satellites around
blue-blue primary galaxy pairs?
We estimate the significance of the difference between satel-
lite LFs around blue-blue and red-blue galaxy pairs by as-
suming a χ2 distribution
χ2 =
∑
i,j
Di × [C−1]ij ×Dj , (4)
where Di means the difference between the i-th data point
of the blue and green curves in Figure 9. C−1 is the inverse
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Figure 11. Cumulative V -band LFs for satellite galaxies pro-
jected between 30 and 260 kpc to MW-mass primary galaxies in
pair. Galaxy pairs are selected in the same way as those in pre-
vious figures, but the flux limit is chosen as r < 16.7. Black solid
histogram shows the cumulative LF for detected MW satellite
galaxies after projection and with the same inner radius cut of
rp > 30 kpc. Errorbars are calculated in the same way as Figure 5.
of the covariance matrix, and is contributed by the covari-
ance of both measurements, i.e., C = Cblue−blue +Cred−blue.
The estimated significance is 2.70-σ. If the detection is gen-
uine and robust, some new physical mechanisms beyond the
merging origin of satellites under the standard cosmologi-
cal context have to be proposed, for example, tidal dwarf
galaxies.
It has been discovered and reported as the 1-halo
“Galactic Conformity” phenomenon that blue galaxies also
tend to have bluer satellites with stronger star formation and
more cold gas supplies, mainly because they are hosted by
less massive dark matter haloes than red galaxies with the
same stellar mass(e.g. Weinmann et al. 2006; Yang et al.
2006; Kauffmann et al. 2010; Wang & White 2012). The
richer cold gas supplies seem to support the formation of
tidal dwarf galaxies. However, it is hard to explain why in
Figure 7, if we do not include any restriction on the colour of
the other primary galaxy in the pair, blue primaries do not
have more satellites. It is thus still puzzling why there are
more satellites around blue-blue galaxy pairs than red-blue
galaxy pairs in real data. The mechanism might be related to
the large scale environment, based on the fact that we only
see such signals when both galaxies in the pair are blue.
We have also checked the robustness of our results by
repeating the calculation using galaxy pairs selected with
different criteria. In the previous figures, galaxy pairs are
selected by requiring that, centred on the middle point of
the pair, all other companions projected within 800 kpc and
within seven times virial velocity of the more massive galaxy
in the pair and along the line of sight should be at least
one magnitude fainter. We have tried to vary the projected
separation to 1,500 kpc and the magnitude gap to 0.5. With
the new selection, the sample size is decreased by about
1/3, and the measurements still show that there are more
satellites around blue-blue galaxy pairs than red-blue pairs,
but the significance drops to 1.79-σ.
However, when we fix the selection to be the same as
that of Figure 9, but change the flux limit from r < 17.7
to r < 16.7, we fail to see significant difference between
the amplitudes of blue and green curves. This is shown in
Figure 11. Thus the detection does not seem to be robust19
against the variation in the flux limit or redshift range of
primaries, as a brighter flux limit leads to a lower redshift
range. This indicates our results are likely affected by large
cosmic variations for the small number of galaxy pairs at low
redshifts. Therefore, we avoid drawing a strong conclusion
that blue-blue galaxy pairs have more satellites than red-
blue pairs. Our results await more detailed follow-up studies
by looking at, for example, galaxies pairs, their satellites and
the evolution at higher redshifts.
5.3 Is our MW special?
As have been introduced, a few so-called challenges to the
standard cosmological model were claimed, based on the ob-
served properties of satellite galaxies in our MW (e.g. Klypin
et al. 1999; Moore et al. 1999; Boylan-Kolchin et al. 2011b).
However, conclusions relying on the population of satellites
in a single host galaxy might be unfair, as we don’t know
whether our MW is typical among galaxies of its type. This
is why we looked at extra-galactic satellite systems in this
study. Our investigations show that the averaged satellite
LFs around MW-mass central primary galaxies selected in
different ways tend to have more similar amplitudes to the
MW satellite LF at the bright end, but the slopes at fainter
magnitudes are significantly steeper, and the amplitudes be-
yond MV ∼ −15 are higher.
Explicitly, at the bright end, ICG1s and ICG2s on aver-
age tend to have comparable number of satellites as our MW,
while primary galaxies in pair tend to have a bit stronger
bright end cutoff and lower amplitudes at MV < −16 than
the MW satellite LF. The average number of satellites with
MV < −16 are about 1.5 and 2.5 around ICG1s and ICG2s.
This is consistent with our MW, which has the LMC and
SMC. It seems our results at the bright end are not quite
consistent with the estimates by Liu et al. (2011), in which
the probability for isolated galaxies with luminosities similar
to our MW and having two satellites about ∆MV = 2 and
= 4 magnitudes fainter is reported to be only 3.5%.
Liu et al. (2011), however, adopted slightly more
strict isolation criteria to select central primaries, and they
counted satellites within a projected distance of 150 kpc.
Their sample of MW-like primaries are selected according to
luminosity. To ensure a fair comparison, we repeat our anal-
ysis by adopting the same selection of primaries as Liu et al.
(2011), and we use primaries with −21.05 < MV < −20.75
(or M0.1r ∼ −21.2) and the same projected separation of
19 We have carefully checked that our other conclusions are ro-
bust against changes in the flux limit of primaries.
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150 kpc to count satellites. Compared with ICG1s, the am-
plitude indeed drops, but the cumulative LF is still compa-
rable to that of ICG2s at −17 < MV < −15, i.e., there are
on average ∼1.5 such bright satellites with MV < −16.
The fraction of dark matter haloes smaller thanM200 ∼
1.25× 1012M and hosting both LMC and SMC-like satel-
lites is also reported to be very low20 by Boylan-Kolchin
et al. (2011a), while the probability for more massive dark
matter haloes hosting LMC and SMC-like satellites is sig-
nificantly increased. According to recent studies, the virial
mass of our MW is about M200 ∼ 1 × 1012M (e.g. Call-
ingham et al. 2019; Li et al. 2020), and the readers can
check Wang et al. (2020) for a review. Thus although the
predicted probability of hosting both LMC and SMC-like
satellites by numerical simulations is rare, it actually hap-
pens with our MW, unless the best-fit virial mass of our
MW is under-estimated. On the other hand, the fact that
we found 1.5–2.5 satellites withMV < −16 perhaps indicate
that the mean host halo mass for other MW-mass21 central
primaries is larger than that of our MW. This likely implies
that our MW deviates from the mean stellar mass versus
halo mass relation of other galaxies.
Guo et al. (2011b) and Jiang et al. (2012) both reported
a factor of two less extra-galactic satellites than the average
of MW and M31 satellites withMV < −15, which seem to be
inconsistent with our results22. This is, however, mainly be-
cause the satellite LF averaged over MW and M31 (Koposov
et al. 2008) is boosted by the number of M31 satellites. M31
has 6 satellites with MV < −15, while our MW only has
two. This reflects the large diversity in the satellite LFs of
20 Boylan-Kolchin et al. (2011a) looked for LMC-like subhaloes
by also using the distance and orbital velocity information, which
is responsible for the low possibility, because of the short travel
time spent by the LMC at its current location, which is close
to the orbital pericenter. In this study, we did not include any
distance or velocity selection.
21 Having similar stellar mass as the MW, not halo mass.
22 Note the satellite LF measured by Jiang et al. (2012) is signifi-
cantly higher in amplitude than Guo et al. (2011b) in all luminos-
ity bins of both primaries and satellites, despite the fact that they
reported consistent results when comparing with MW and M31
satellites using primaries with MV ∼ −21. The inconsistencies
in their two brighter primary bins of Mr ∼ −23 and Mr ∼ −22
are at least partly due to the difference in background subtrac-
tion, that Guo et al. (2011b) adopted a local background esti-
mated from an outer annulus ring. However, the radius chosen for
the annulus ring is well below the virial radius, which can result
in significant over-subtractions. The disagreement in the faintest
primary bin (Mr ∼ −21), as checked through very detailed per-
sonal communications and careful one-to-one comparisons with
Guo et al. (results not published), is mainly because both Jiang
et al. (2012) and Wang & White (2012) adopted K-corrections to
z = 0.1, while Guo et al. (2011b) adopted K-corrections to z = 0.
This results in a difference of ∼0.2–0.3 in r-band absolute magni-
tude, and thus with the seemingly same absolute magnitude bin,
in fact different primaries were picked up. Note at the massive
end, a small change in the stellar mass or luminosity of galaxies
can lead to very quick changes in the host halo mass (e.g. Guo
et al. 2010) or satellite abundance. For MW-luminosity primaries,
the annulus ring adopted by Guo et al. (2011b) is larger than the
virial radius, and as long as both studies did correct conversion
from M0.1r or Mr to V -band magnitudes, their comparison with
MW and M31 satellites should have consistent results.
different galaxies, and in the next subsection we will present
the averaged satellite LF of more MW-mass systems in the
Local Volume. Also note both Guo et al. (2011b) and Jiang
et al. (2012) detected ∼2 satellites with MV < −15 of MW-
luminosity primaries on average, consistent with our results.
Given our careful analysis in this paper and the consistency
and cross checks with Guo et al. (2011b) and Jiang et al.
(2012), we think our results are robust.
The other four satellites contributing to the MW satel-
lite LF between MV ∼ −14 and MV ∼ −10 are Fornax, Leo
I, Sculptor and Sagittarius I, among which Sagittarius I is
always excluded due to the 30 kpc inner radius cut. The MW
satellite LF contributed by these objects has a much shal-
lower slope than those extra-galactic satellite systems, which
leads to significantly lower amplitudes at −15 < MV < −12.
Though faint satellite candidates of the MW are continu-
ously being discovered (e.g. Homma et al. 2018, 2019), and
future surveys, such as LSST, are predicted to increase the
number of faint MW satellites by a factor of two to ten,
depending on model assumptions (Newton et al. 2018; Si-
mon 2019), the number of such bright MW satellites with
MV < −10 is very unlikely to be significantly increased to
match our measurements. Note the numbers of satellites
around ICG1s and ICG2s with MV < −13 are about ten
and five, respectively. In addition, the extrapolated num-
bers of satellites with MV < −10 around ICG1s and ICG2s
through the best-fit double Schecter function are about 28
and 10. Even if there is one more such bright satellite which
sits behind the disc and is not yet discovered, the signifi-
cance level can drop, but the discrepancy at the faint end
cannot vanish.
The readers may wonder whether our satellite counts
made in projection with statistical background subtraction
may have be over-estimated, compared with the counts
made in 3-dimensional coordinates. This is true because
along the line-of-sight direction, the correlation between halo
central galaxies and distant companions can persist out to
very large distances, and companions with line-of-sight sepa-
rations larger than the halo virial radius can still contribute
to the signal. This explains why in Figure 10, the satellite
LFs in the top left panel show slightly higher amplitudes
than those in the top right panel. However, as have been
carefully investigated in the Appendix of Wang & White
(2012), by comparing results based on 3-dimensional coordi-
nates and a full light-cone mock catalogue of galaxies, satel-
lite counts made in projection are ∼30% more than those
made in 3-dimensional coordinates for MW-mass primaries,
and the fraction is almost independent of the luminosity of
satellites. This is thus far from enough to explain the differ-
ence between the averaged extra-galactic satellite LFs and
the MW satellite LF we see in this study.
The significance of the inconsistency between extra-
galactic and the MW satellite LFs can be estimated through
Equation 4 as well. Now Di is the difference between the i-
th data point of the averaged extra-galactic satellite LF and
that of the MW satellite LF. The estimated significance val-
ues for central primary galaxies selected in different ways
are provided in Table 4.
The MW satellite LF is different from that of the satel-
lite populations around ICG1s at a very high significance
level of 19.93-σ. Compared with ICG1s, the magnitude gaps
between ICG2s and their companions are more comparable
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Table 4. The probability (Pχ2 ) and significance levels quanti-
fying how common is the MW satellite LF compared with the
averaged extra-galactic satellite LFs of primary galaxies selected
in different ways, which are based on the assumption of the χ2
distribution. If assuming the Poisson distribution, the probability
for ICG1s and ICG2s, with extrapolations to MV = −10.4, is
provided in the third column as PPoisson.
central primary significance Pχ2 PPoisson
ICG1 19.93 2.11× 10−89 0.1%
ICG2 11.64 4.01× 10−31 16.5%
pair (all) 2.71 0.007 –
pair (red) 2.10 0.035 –
pair (blue) 1.94 0.052 –
pair (red-red) 1.86 0.063 –
pair (blue-blue) 0.97 0.330 –
pair (red-blue) 1.50 0.134 –
to the condition of our MW. The sample size of ICG2s also
decreases and the errorbars are slightly larger. As a result,
the significance level drops to 11.64-σ.
For galaxy pairs with different colours or colour combi-
nations, their satellite LFs still look inconsistent with MW
satellites (see Figures 7 and 9), but due to the decreased
sample size and increased errorbars, the significance levels
drop to about ∼1-σ to slightly lower than 3-σ in Table 4.
Based on the assumption of the χ2 distribution, the re-
liabilities for our MW satellite LF to be consistent with the
satellite LFs of ICG1s and ICG2s are extremely low in Ta-
ble 4. The assumed χ2 distribution, however, might not be
able to fairly represent the proper model for testing the sig-
nificance. The small number statistics of satellites perhaps
worths some more investigations by assuming the Poisson
distribution as follows. We assume that the averaged extra-
galactic satellite LFs are representative of the underlying
true LF, and that the MW satellite system is a random draw
from the parent distribution. We can estimate the probabil-
ity in each luminosity bin assuming the Poisson distribution
as
P (k) =
λk exp (−λ)
k!
, (5)
where λ is the average number of extra-galactic satellites in
a given luminosity bin, and k is the number of MW satellites
in the same bin. k is required to be integers. The number of
MW satellites might not be integers after accounting for the
projection effect by averaging over 600 random directions for
projection, and thus we calculate the probability for each di-
rection at first and take the median probability in the end.
The MW satellite counts are either zero or one in each dif-
ferential luminosity bin. If assuming the satellite counts in
different luminosity bins are independent from each other,
i.e., ignoring the error correlation, we can estimate the joint
probability of MW satellites under the assumption of Pois-
son distribution as
Ptotal =
∏
i
P (ki), (6)
where ki refers to the satellite counts in the i-th luminosity
bin, which are either zero or one. We then generate 105 re-
alisations by drawing from the random Poisson distribution
of each magnitude bin, again assuming the averaged extra-
galactic satellite LFs are the truth. The fractions of realisa-
tions that have a smaller probability than Ptotal are provided
in the third column of Table 4 for ICG1s and ICG2s, which
we denote as PPoisson. In this analysis, we have extrapolated
the differential satellite LFs of ICG1s and ICG2s down to
MV = −10.4, based on the best-fit double Schecter func-
tions. For other primaries in pair, it is more difficult to have
reasonable extrapolations to fainter magnitudes, because of
the noisy differential LFs, and the estimated probabilities
are often dominated by one or two noisy data points at the
faint ends. Hence we did not estimate PPoisson for those pri-
maries in pair.
PPoisson is significantly larger than Pχ2 in Table 4, and
are thus more likely to happen. If we manually decrease the
amplitude of satellites LFs by 30% (see the Appendix of
Wang & White (2012)), to account for the difference be-
tween the global background subtraction and local or annu-
lar background subtractions (the over-estimates of satellite
counts due to the correlated signal out to large distances,
as discussed above), PPoisson will further increase to 2.7%
and 20.4% for ICG1s and ICG2s, respectively. As have been
mentioned in Section 2, the completeness of ICG1s is close
to 90%. This seems to suggest that among ∼90% of central
galaxies with stellar mass similar to our MW, only ∼2.6%
systems are more atypical than our MW. Moreover, ICG2s
are selected with a more similar magnitude gap with respect
to their companions as our MW, and thus the probability
becomes much higher.
Unfortunately, our statistical method of satellite num-
ber counting and background subtraction prevents us from
obtaining satellite LF for each individual central primary
galaxy, and thus it is not straight-forward to directly esti-
mate in this study the exact percentile fraction of extra-
galactic satellite systems which have steeper slopes and
higher amplitudes at fainter magnitudes in their luminos-
ity distributions than the case of our MW.
While our MW is the Galaxy which we can study in the
most detail, it is not straight-forward to measure its exact
position on the colour-magnitude diagram, due to the fact
that we are within the MW and is difficult to directly observe
its global properties, and the observation is often strongly
affected by dust reddening. A study by Licquia et al. (2015)
picked up SDSS galaxies with similar stellar mass and star
formation rates to our MW. After carefully correcting for
Eddington bias and dust reddening, the photometric prop-
erties of these galaxies indicate that our MW locates at the
“green valley”, which is a region sparsely populated by galax-
ies between the bimodel red and blue clouds of galaxies in
the colour-magnitude diagram. Though a few earlier studies
provide bluer colour estimates, the measurement by Licquia
et al. (2015) is in good agreement with the novel measure-
ment made by van der Kruit (1986) using the Galactic back-
ground light taken by the Pioneer 10 spacecraft. Similar to
our MW, the colour of M31 also locates at the green valley
region (e.g. Mutch et al. 2011).
Licquia et al. (2015) estimated the rest-frame colour of
our MW as 0(g − r) = 0.682+0.066−0.056. If the K-correction is
made to z = 0.1, which is the standard adopted in this pa-
per, the rest-frame colour of our MW is about 0.1(g − r) =
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Figure 12. A comparison between the MW satellite LF and the satellite LFs of other MW-mass galaxies within 40 Mpc in the Local
Volume (LV). Left: The comparison with the averaged satellite LF of eight MW-mass galaxies between 20 and 40 Mpc and from the
SAGA survey (magenta triangles). Satellites are complete out to rp ∼ 300 kpc to their central galaxies and down toMV ∼ −12.Middle:
The comparison with the averaged satellite LF of eleven galaxies within 12 Mpc. Satellites are complete out to rp ∼ 150 kpc and down
to MV ∼ −9. The blue dots and magenta triangles with errorbars show the lower and upper limits when all unconfirmed satellites
are treated as fore/background objects or as true satellites, respectively. Right: Similar to the middle panel, but shows a subset of six
systems whose satellites are complete out to rp ∼ 250 kpc. In all panels, the black histograms are the MW satellite LF, whose errorbars
are calculated in the same way as in previous plots. The errorbars for satellite LFs in the Local Volume are Poisson errors. Red curves
with errors are the averaged satellite LF of ICG2s, which is exactly the same as in Figure 7, and the errorbars are the 1-σ scatters of
100 boot-strap subsamples, which reflect the errors on the averaged LF. An inner radius cut of 30 kpc has been adopted for all. The
vertical black dashed lines mark the magnitudes beyond which the LV satellites are incomplete. By going down to MV ∼ −9, five more
MW satellites (Carina, Leo II, Sextans, Draco I and Ursa Minor) are included, in addition to those summarised in Table 2.
0.822. Therefore, the colour of our MW indeed almost lies
on the line of colour division for red and blue galaxies, i.e.,
0.1(g − r) = 0.065 log10 M∗/M + 0.1. For our sample of
primaries, we have repeated the calculation for primaries
with 0.722 <0.1 (g − r) < 0.922 and with concentration,
C = R90/R50, smaller than 2.6. Here the concentration pa-
rameter is adopted for a selection in morphology, so that
the sample is dominated by low-concentration spiral galax-
ies. R90 and R50 are the 90% and 50% Petrosian radius,
respectively. More details about the division by galaxy con-
centration can be found in D’Souza et al. (2014) and Wang
et al. (2019). The averaged satellite LF of primaries selected
in this way, though quite noisy due to the small number of
galaxies in the green valley region, still tends to have steeper
slopes and higher amplitudes at the faint end than the MW
satellite LF.
A few early studies have investigated whether the global
properties and scaling relations of our MW fits those of other
galaxies, such as the Tully-Fisher relation (e.g. Flynn et al.
2006), the luminosity-velocity-radius relation (e.g. Licquia
et al. 2016), star formation rate (e.g. Yin et al. 2009), [Fe/H]
abundance, angular momentum (e.g. Hammer et al. 2007)
and so on. Most of these studies report more than 1-σ of
deviation from the main relation, and thus the global prop-
erties of our MW are also uncommon compared with the
majority of other spiral galaxies.
We conclude that the MW satellite LF is statistically
atypical among other MW-mass galaxies. This is true un-
less the total stellar mass of our MW estimated by Licquia
& Newman (2015), as used in our analysis, is much higher
than the true value, or the stellar mass of other primary
galaxies estimated from their photometric colours is signifi-
cantly wrong. Due to the difficulties of measuring the global
properties of our MW from inside, we cannot rule out such
possibilities, but so far this is the best estimate we can have.
As we have mentioned before, another independent study by
McMillan (2011) provides a slightly larger value of MW stel-
lar mass, (6.43 ± 0.63) × 1010M, which will lead to even
higher amplitudes of extra-galactic satellite LFs at the faint
end than that of our MW.
Therefore, we comment that it is dangerous to use satel-
lites within our MW to represent the entire satellite popula-
tion around galaxies with similar properties, as our MW is
special compared with the average properties of other MW-
mass galaxies. Comparing the averaged satellite property
distributions from numerical simulations only with our MW
is unfair, and we cannot draw strong cosmological implica-
tions without quoting statistical uncertainties.
5.4 Satellite luminosity functions in the local
volume
As we have mentioned in Section 1, despite the fact that
the satellite LFs of other host galaxies within 40 Mpc tend
to show large diversities, it was found in previous studies
that our MW satellite LF is typical among other MW-mass
galaxies in the local Universe. Thus in this subsection, we
further make a detailed comparison between the satellite
LF of our MW and of other MW-mass galaxies in the Local
volume (LV).
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Table 5. A sample of MW-mass galaxies in the Local Volume and their properties, including the distance, projected separation out to
which satellites are complete, stellar mass, halo mass estimated from satellite dynamics or abundance matching, number of satellites
between 30 and 150 kpc in projection, and the reference from which we take the information of their satellites.
Name D 1 rcomp MV M∗ Mhalo 2Nsat(< Mlim, Source of
[Mpc] [kpc] [1010M] [1012M] 30 < rp < 150 kpc) satellites
3 M51 8.6 150 −21.38 ∼6 – 0–3 Carlsten et al. (2020c,a)
3 M64 5.3 300 −20.20 4.9 – 2 in preparation
3,8M81 3.69 250 −21.10 ∼5 4.9±1.4 13 Chiboucas et al. (2013)
3,8M101 6.52 300 −21.10 ∼4 1.5±0.7 8 Bennet et al. (2019)
Carlsten et al. (2020b)
4 NGC4565 11.9 150 −21.80 7.6 – 3–8 Carlsten et al. (2020c,a)
3,8 NGC4258 7.2 150 −20.94 5.1 3.2±1.0 5 Carlsten et al. (2020c,a)
5,8 Centaurus A? 3.77 200 −21.04 8.13 6.7±2.1 15 Carlsten et al. (2020a)
3 NGC253 3.56 300 −20.10 7.2 – 1 in preparation
6,9 NGC1023 10.4 200 −20.90 7.7 ∼6 10–12 Carlsten et al. (2020c,a)
3 NGC5055 8.87 300 −21.10 4.9 – 7 in preparation
7 NGC6744 8.95 300 −21.62 6.6 – 5–6 in preparation
10 NGC5962 28.0 300 – 3.31 1.35 1 Geha et al. (2017)
10 NGC6181 34.3 300 – 3.72 1.86 3 Geha et al. (2017)
10 NGC5750 25.4 300 – 3.39 1.20 1 Geha et al. (2017)
10 NGC7716 34.8 300 – 5.01 1.02 1 Geha et al. (2017)
10 NGC1015 37.2 300 – 3.72 1.12 1 Geha et al. (2017)
10 PGC068743 39.2 300 – 3.63 1.51 2 Geha et al. (2017)
10 NGC2543 37.7 300 – 4.37 1.07 1 Geha et al. (2017)
10 NGC7541 37.0 300 – 5.13 3.55 5 Geha et al. (2017)
1) Projected separation out to which the observed satellites are complete.
2) We provide the number of satellites brighter than the limiting magnitude (MV ∼ −12 for SAGA galaxies and MV ∼ −9 for
other more nearby galaxies) and projected between 30 and 150 kpc. In some systems, there are unconfirmed companions, and thus
we provide the lower and upper boundaries.
3) Stellar masses of M51, M64, M81, M101, NGC4258, NGC253 and NGC5055 are taken from the Spitzer Local Volume Legacy
(LVL) Survey (Cook et al. 2014).
4) Stellar mass of NGC4565 is taken from the Spitzer Survey of Stellar Structure in Galaxies (Sheth et al. 2010).
5) Stellar mass of Centaurus A? is taken from Karachentsev & Kudrya (2014).
6) Stellar mass of NGC1023 is estimated from the K-band absolute magnitude.
7) Stellar mass of NGC6744 is taken from Yew et al. (2018).
8) Halo mass computed from orbital motions of satellites (Karachentsev & Kudrya 2014).
9) Halo mass computed from satellite distribution (Trentham & Tully 2009).
10) Halo mass calculated from the k-band absolute magnitude and abundance matching.
A sample of 19 MW-mass galaxies in the LV is provided
in Table 5. Eight systems are taken from the first stage paper
of the SAGA23 survey (Geha et al. 2017) out to ∼40 Mpc,
and the satellites are complete down to MV ∼ −12. Eleven
systems are within 12 Mpc, and the satellites are complete
down to MV ∼ −9. Table 5 includes a few rich systems,
such as M81, Centaurus A? and NGC1023. Their dark mat-
ter haloes, as estimated from satellite dynamics, tend to be
more massive than that of our MW (∼ 1 × 1012M, check
Wang et al. (2020) for a review). Their stellar masses, on the
other hand, are within the mass range we adopt to select
MW-mass galaxies (10.63 < log10 M∗/M < 10.93). The
magnitude gaps between central primaries and the bright-
est satellites of these galaxy systems satisfy our selection of
ICG2s.
Figure 12 shows the comparison between the averaged
satellite LFs of these LV systems and of our MW. Those
observed by the SAGA survey and complete down to MV ∼
23 Very recently, the second stage SAGA results (Mao et al. 2020)
have expanded the number of complete systems to 36.
−12 are shown in the left panel. Those more nearby eleven
systems within 12 Mpc are complete down to MV ∼ −9,
while their satellites are complete out to different projected
distances, rcomp, but all systems are complete to 150 kpc.
Thus in the middle panel we show the averaged satellite
LF of all the eleven systems out to 150 kpc, and in the
right panel, we show the averaged satellite LF for six out
of the eleven systems, whose satellites are counted out to
rp ∼250 kpc. We also overplot as the red curve in Figure 12
the averaged satellite LF of ICG2s. The LV satellite LFs
tend to be more similar to the MW satellite LF, which is
consistent with the recently submitted second stage SAGA
results (Mao et al. 2020).
It seems the LF of satellites in our MW is more typical
among these MW-mass LV systems within 40 Mpc, but is
more different from the satellites around more distant MW-
mass galaxies at redshift z ∼ 0.1. Such an inconsistency
might be connected to the so-called “local void”, that a large
volume in the local Universe was reported to be deficient of
galaxies (e.g. Tully 1988; Peebles & Nusser 2010). The local
void can be predicted by numerical simulations, but is not
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extremely common, as Xie et al. (2014) reported that 11 out
of 77 LG-like systems in the Millennium-II simulation have
nearby low-density regions.
Guo et al. (2015) reported that there are more satellites
in filaments, and thus we can straight-forwardly think that
central primary galaxies in over-dense regions tend to have
more satellites. Similarly, we expect there are less satellites
around central primaries in under-dense regions (or voids).
Because the LV tends to be a “void” region, this can possibly
explain why our MW satellites tend to be more typical in
the LV, but the number of MW satellites with MV < −10
tends to be less than those around more distant galaxies.
However, we note that our statistical satellite counting
methodology is quite different from that for the LV satel-
lites, which include confirmations of line-of-sight distances.
In addition, though the magnitude gaps between primaries
and their secondary satellites of the LV systems satisfy our
selection of ICG2s, the projected and line-of-sight separa-
tions adopted in the selection of ICG2s might not exactly fit
the condition of these LV systems. Thus although as have
been checked by Wang & White (2012) that the statisti-
cal satellite counts made in projection are ∼30% more than
those made in 3-dimensional coordinates for MW-mass pri-
maries, more detailed comparisons of the two satellite count-
ing methodologies, including a careful investigation on the
selection effects of spectroscopically confirmed satellites in
the LV, and possible differences in the selection of primaries
are still necessary. We leave them to future studies.
6 CONCLUSION
In this study, we have measured the averaged satellite LFs
of isolated central primary galaxies and galaxy pairs. Pri-
mary galaxies are selected from the SDSS spectroscopic
Main galaxy sample. Satellites are constructed from the
photometric source catalogues of HSC, DECaLS and SDSS.
We compute the intrinsic luminosities of satellites following
the method of Wang & White (2012), and fore/background
source contaminations are statistically subtracted using the
companion counts around random points.
Despite the very different depth, resolution, footprint,
mode of observation and steps of data reduction, satellite
LFs based on the three surveys agree very well with each
other. Our measurements are also robust against the change
in flux limits. We are not only able to extend previous mea-
surements based on SDSS further down to the faint end
by at most four magnitudes, but also we can measure the
satellite LF around isolated central galaxies as small as
9.2 < log10 M∗/M < 9.9 and 8.5 < log10 M∗/M < 9.2,
which are smaller than most of the previous studies based
on similar methods. Our measurements can thus reach iso-
lated central galaxies as small as the LMC, which predict an
average number of 3–8 satellites brighter than MV ∼ −10
of LMC-mass systems.
We find both the bright end cutoff and the amplitude
of satellite LFs over the whole luminosity range are sensitive
to the magnitude gap between the central primary galaxy
and its companions. A larger magnitude gap leads to more
significant bright end cutoff by definition and also a decrease
in the overall amplitude (or satellite abundance), indicating
central primaries which have larger magnitude gaps than
their secondary companions are hosted by less massive dark
matter haloes.
In previous studies, it was reported that red central
galaxies tend to have more satellites and are hosted by more
massive dark matter haloes than blue central galaxies with
the same stellar mass (e.g. Wang & White 2012; Wang et al.
2014; Mandelbaum et al. 2016; Man et al. 2019). We fail to
see such differences for red and blue primaries in pair, prob-
ably due to the small sample size and large errors, but by
looking at galaxy pairs with different colour combinations,
we find indications showing that galaxy pairs with red-red or
blue-blue colour combinations have more satellites than red-
blue galaxy pairs. However, such a trend for blue-blue pairs
does not seem to be robust against changes in flux limits and
might be affected by the sample variation at low redshifts,
where the volume is small. And we fail to see similar trends
in Illustris TNG-100.
By selecting central primary galaxies having similar
stellar mass to our MW (10.63 < log10 M∗/M < 10.96),
we find at the bright end (MV < −16), isolated central
galaxies have on average 1.5–2.5 satellites, consistent with
our MW. Satellite LFs around galaxies in pairs similar to
the MW-M31 system tend to have slightly lower amplitudes
at the bright end than the MW satellite LF.
We discover that the slopes of the averaged satellite
LFs of both isolated central galaxies and galaxy pairs are
steeper than that of MW satellites, and the amplitudes at
−15 < MV < −10 are higher. At such a bright magnitude
range of MW satellites (MV < −10), it is unlikely that there
are other MW satellites remain undetected.
Therefore, we conclude that the LF of our MW satel-
lites is atypical compared with those extra-galactic satellites
around MW-mass central primaries. Interestingly, a com-
parison with 19 MW-mass systems in the Local Volume
(<40 Mpc) reveals that the MW satellite LF is more con-
sistent among other LV systems, possibly implying the LV
is an under-dense region (e.g. Tully 1988; Peebles & Nusser
2010). However, more detailed investigations on possible dif-
ferences in the selection of primaries and the difference in
satellite counting between systems in the nearby and the
more distant Universe are still necessary in future studies.
Despite the much better agreement with LV systems, in
order to have fair comparisons between real observations and
theoretical predictions by modern numerical simulations, we
can not use our MW to represent other MW-mass galaxies
in the Universe, and thus the observation of faint satellites
in extra-galactic systems are crucial for proper cosmolog-
ical implications. Future deep and wide photometric sur-
veys, such as the LSST survey (Ivezić et al. 2008) and the
Chinese Space Station Optical Survey Telescope (CSST) is
very promising to further extend the study of extra-galactic
satellites down to much fainter magnitudes, and our statisti-
cal approach of studying faint photometric satellites around
spectroscopic central primaries can be straight-forwardly ap-
plied to these future observations.
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APPENDIX A: AN INNER RADIUS CUT TO
AVOID SOURCE DEBLENDING MISTAKES
For results in the main text of this paper, we have applied
an inner radius cut of rp > 30 kpc. In this Appendix we
demonstrate the importance and the reason of choosing this
inner radius cut by cross matching extended sources among
HSC, DECaLS and SDSS. The matching also helps us to
understand the difference among the three surveys.
We match extended sources with r < 21 in one of the
MNRAS 000, 000–000 (0000)
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Figure A2. Green, red and yellow curves are the projected ra-
dial density profiles of extended sources detected in HSC but not
in SDSS, in DECaLS but not in SDSS, and in HSC but not in
DECaLS, respectively. The profiles are centred on ICG1s with
11.63 < log10 M∗/M < 11.93, and thus can be used to com-
pare with symbols and lines with the same colour in Figure A1.
The black curve shows the profile for extended sources which are
detected in both HSC and SDSS. Extended sources in both DE-
CaLS and SDSS (or in both HSC and DECaLS) have very similar
projected radial density profiles as the black curve, and thus are
not shown. The sources existing in one survey but not in the other
tend to peak in the inner 20–30 kpc region. Errorbars are the 1-σ
scatters of 100 boot-strap subsamples.
deeper surveys (HSC, DECaLS and HSC) correspondingly
to all extended sources in another shallower surveys (SDSS,
SDSS and DECaLS). The matching is based on a search-
ing radius of 1′′. Figure A1 shows the satellite LFs based on
sources in a deeper survey, which do not have a match within
1′′ in a corresponding shallower survey. For the plot, all com-
panions within 260 kpc to the central primaries are included
without any inner radius cut. The signals are clearly posi-
tive.
In order to investigate whether these sources detected in
a deeper survey but not in another shallower survey are real,
Figure A2 shows their projected radial density profiles after
fore/background counts estimated from random points are
subtracted. Compared with the profile of sources which exist
in both HSC and SDSS24, unmatched sources tend to peak
in very inner regions. The signals are still positive beyond
30 kpc, but drop very quickly with the increase in rp.
We further show the colour images containing such un-
matched sources on small scales and centred on two example
primary galaxies in Figure A3. The RGB figures are based
on coadd images in r, (g + r)/2 and g-bands, and mapped
to the RGB colour following the colour mapping of Lup-
ton et al. (2004). It is very clear that with the greater depth
and higher image resolution, HSC reveals more extended low
surface brightness emissions around the central galaxy and
24 Matched sources in both HSC and DECaLS or in both DE-
CaLS and SDSS show very similar projected radial density pro-
files, and are hence not shown.
resolves more substructures, such as the spiral arms and star
forming regions along the arms. In the top right panel, we
mark the extended sources which are failed to be detected in
both HSC and DECaLS. These sources clearly trace the spi-
ral arms, indicating they are not real satellite galaxies, but
instead, they are part of the central primary galaxy, which
are mistakenly deblended as companion sources. Such de-
blending mistakes are more frequently happening in HSC
than those in SDSS and DECaLS. However, there are also
examples showing that HSC is able to detect some more real
sources. For example, in the top left panel, the source which
exists in HSC but not in the other two surveys does look
like a real one.
In fact, we have looked at many image cutouts centred
on our primary galaxies, and with different image sizes. Most
of the sources close to the central galaxy, in a deeper survey
but not in another shallower survey are faked detections
due to deblending mistakes, and this often happens around
bluer spiral galaxies, though there are also examples of real
detections such as the one in the top left panel of Figure A3.
Magenta lower triangles/line and cyan stars/line in Fig-
ure A1 can prove and summarise what we have seen. The
cyan stars connected by lines show satellite LFs based on
extended sources in HSC but not in SDSS and around blue
primaries. On the other hand, the magenta triangles con-
nected by lines show similar results around red primaries.
The amplitude of the cyan curve is much higher than the
magenta one, indicating there are more such sources around
blue galaxies. Blue star forming galaxies have more rich sub-
structures, which are more likely to be mistakenly deblended
as companions sources.
Because such faked sources mostly exist within
rp ∼30 kpc according to Figure A2, we choose an inner
radius cut of 30 kpc for all the results in the main text of
this paper. Such an inner radius cut, of course, would also
exclude real sources on small scales, but by applying this
cut to all of the three surveys and also to MW satellites
after accounting for the projection effect (see Section 3 for
details), we can ensure that our comparisons among differ-
ent surveys and the comparison with MW satellites are fair.
Beyond 30 kpc, such sources still exist, but as the readers
can see form Figure A2, even if all these sources are faked,
they are subdominant and are unlikely to significantly affect
our results. In fact, we have looked into such sources in HSC
on larger distances to the central primaries, and have found
examples that look like real galaxies. This can at least partly
explain why satellite LFs based on HSC tend to have slightly
higher amplitudes than those based on SDSS or DECaLS in
the main text.
Besides, the central primary may have another appar-
ent massive companion galaxy close to it in projection, but
it is in fact not physically associated because they have very
different spectroscopic redshifts. There can be some faked
sources around this massive companion galaxy, which are
detected due to deblending mistakes, contributing to the
number of unmatched sources. We expect the probabilities
for such cases to happen are equivalent around real cen-
tral primaries and around random points. As a result, they
should have been subtracted by using satellite counts around
random points and thus are not expected to affect our re-
sults. However, if a true late-type satellite galaxy, that has
a projected separation larger than 30 kpc to the central pri-
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Figure A3. Image cutouts in RGB from HSC (top), DECaLS (middle) and SDSS (bottom), and centred on two example galaxies (two
columns). In the top panels, blue circles mark extended sources which are not detected in DECaLS and SDSS. The half edge lengths
of these image cutouts are 40 kpc. The colour mapping is exactly the same for all six panels. Because DECaLS does not have i-band
observations, we choose r, (g + r)/2 and g as inputs for the RGB mapping.
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Figure A4. Satellite LFs based on matched extended sources
between HSC and SDSS, between HSC and DECaLS, and be-
tween DECaLS and SDSS. For each set, two different types of
magnitudes taken from either of the two surveys are used.
mary and is mistakenly deblended into multiple sources, the
amplitude of our measured satellite LFs can be increased in
a wrong way. We cannot rule out such possibilities and it
is not trivial to estimate the exact fractions, but we believe
our conclusions are unlikely to have been significantly af-
fected, based on the fact that HSC is only slightly higher in
amplitude than both DECaLS and SDSS.
In addition to the unmatched sources, we also use the
matched sources between different surveys to investigate
whether the different magnitudes and filter systems defined
in HSC, DECaLS and SDSS can lead to significant discrep-
ancies. This is shown in Figure A4. The three panels cor-
respond to matched extended sources in HSC-SDSS, HSC-
DECaLS and DECaLS-SDSS, respectively. In each panel,
the solid and dashed curves are results based on magnitudes
from either of the two surveys. We can see some small differ-
ences at faint magnitudes, but the differences are far from
being large enough to affect the conclusions of this paper.
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